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A B S T R A C T

Toll-like receptors (TLRs) play a critical role in initiating an immune response to infections. In this study, we
examined whether single nucleotide polymorphisms (SNPs) in TLR pathway genes are associated with pul-
monary tuberculosis (PTB) in a Moldavian population. Thirty-four SNPs in genes associated with the TLR
pathway and two SNPs in ASAP1 gene identified by GWAS were selected for genotyping in 272 patients and 251
community-matched healthy controls. Twenty-nine SNPs passed quality control and were statistically evaluated.
SNPs TLR9 rs352139, TLR2 rs3804099 and MYD88 rs4988453 were associated with PTB in females (OR=0.49,
p=0.0009; OR=0.51, p=0.0008; OR=0.33, p=0.027; here and below log-additive model with minor al-
leles assumed as effect associated alleles), while SNP TLR8 rs3764880 showed a significant association in males
(OR=0.44, p=0.0087). Furthermore, SNPs TLR9 rs352139 and TLR8 rs3764880 were associated with PTB in
the late-onset (≥39-year-old) patient group (OR=0.60, p=0.0029 and OR=0.70, p=0.021, respectively)
and SNPs TLR2 rs3804099, TLR4 rs4986790 and TLR4 rs1927906 in the early-onset (≤ 38-year-old) group
(OR=0.53, p=0.0012; OR=3.45, p=0.013; OR=2.31, p=0.044, respectively). After correction for mul-
tiple testing, only SNPs TLR9 rs352139 and TLR2 rs3804099 in the female group and SNP TLR2 rs3804099 in the
early-onset group remained significant. In summary, we show an association of SNP TLR8 rs3764880 with PTB
in the Moldavian male population, providing support to previous studies conducted on other populations.
Polymorphisms rs3804099 (TLR2) and rs352139 (TLR9) may also be associated with PTB risk in the Moldavian
population but their effect is less consistent across different studies. Additional large-scale association studies
along with functional tests are required to dissect the relevance of these associations.

1. Introduction

Tuberculosis (TB) is a serious life-threatening infectious disease
primarily affecting the lungs, among other organs of the body (Lawn
and Zumla 2011). Despite extensive treatment and immunization stra-
tegies, the incidence of TB and associated mortality rates remain high,
particularly in developing countries (World Health Organization
[WHO], 2016). Mycobacterium tuberculosis (M.tb) infection has been
implicated as the key factor in TB etiology. The bacterium is hosted by
approximately a third of the world's population, but a much smaller
percentage actually develops clinical symptoms of the disease (Lawn

and Zumla 2011). Animal models, twin and family studies as well as
numerous case-control association studies indicate that host genetics is
important in determining susceptibility or resistance to TB (Orlova and
Schurr 2017).

Genetic variation in genes involved in innate immunity is thought to
be the most probable factor predisposing individuals to the develop-
ment of TB (Casanova et al. 2011). Toll like receptors (TLRs) are the key
components of the innate immune system which recognize conserved
sequences on the surface of pathogens and trigger a host defense re-
sponse (Akira et al. 2006). Furthermore, the co-receptor CD14 is ne-
cessary for efficient microbial recognition by TLR2 and TLR4
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(Triantafilou and Triantafilou 2002). Following ligand binding, TLRs
form a dimer and recruit cytoplasmic adaptor proteins MyD88, TRIF,
TIRAP (MAL), TOLLIP and TICAM-2 (TRAM). Subsequently, the acti-
vated adaptor proteins associate with the IL-1 receptor-associated ki-
nases (IRAK-1, IRAK-2, IRAK-4) and tumor necrosis factor receptor
associated factor 6 (TRAF6) to initiate the downstream cascades. These
pathways result in the activation of transcription factors NF-κB, AP-1
and the IFN transcription factor family, and stimulate the production of
pro-inflammatory and host-defense genes (Kawai and Akira 2010). The
interactions in TLR signaling pathway are schematically presented on
Fig. 1. The importance of the TLR pathway in the control of M.tb is
supported by the observation that mice lacking the respective mole-
cular components exhibit increased vulnerability to a number of pa-
thogens, including M.tb (Abel et al. 2002; Drennan et al. 2004; Scanga
et al. 2004).

There is evidence that polymorphisms in genes coding for proteins
involved in the TLR pathway are associated with infectious diseases,
including TB. For example, single nucleotide polymorphisms (SNPs)
TLR1 rs4833095 (Dittrich et al. 2015), TLR2 rs3804099 (Xue et al.
2017), TLR4 rs11536889 (Xue et al. 2017) and rs1927911 (Zaki et al.
2012), TLR8 rs3764880 (Salie et al. 2015), TLR9 rs352139 (Kobayashi
et al. 2012; Torres-García et al. 2013), CD14 rs2915863 (Xue et al.
2012), MYD88 rs4988453 (Aggelou et al. 2016), MYD88 rs6853
(Capparelli et al. 2013), and TIRAP rs8177374 (Khor et al. 2007;
Capparelli et al. 2013) have been shown to be associated with TB in
specific populations. However, in view of the inter-ethnic heterogeneity
of genetic factors (e.g., allele frequencies) and environmental factors,
these results cannot be generalized to other populations. Furthermore,
other core genes involved in TLR signaling (e.g., TLR7, TOLLIP, IRAK1,
IRAK2, IRAK4, and TRAF6) are hardly investigated for their association
with TB.

For these reasons, the present case-control study was designed to
evaluate possible associations between common variants in the TLR
signaling genes and pulmonary tuberculosis (PTB) in Moldavian po-
pulation. The Republic of Moldova exhibits the highest TB incidence in
Europe (152 cases/100,000/year), i.e., over four times higher than the
average in the European region (WHO, 2016). The results obtained
from this study could be extended to the neighboring populations from
Eastern and South-Eastern Europe, which also exhibit high incidence of
tuberculosis and share genetic and cultural similarities with

Moldavians.

2. Materials and methods

2.1. Samples

This study was approved by the Ethics Committee of the Institute of
Phthisiopneumology (Republic of Moldova), and adhered to the tenets
of the Declaration of Helsinki. Study participants provided written in-
formed consent for their participation in the study. The case group
consisted of 272 unrelated patients (120 women and 152 men; mean
age at recruitment= 40.7 ± 12.7 years; mean age at diag-
nosis= 39.1 ± 12.2 years) with infiltrative pulmonary TB. Diagnosis
was based on clinical symptoms and chest radiographic findings fol-
lowed by confirmation by bacteriological assessment. Patients known to
be immunodeficient (e.g., due to HIV infection, diabetes, cancer, or
administered immunosuppressive therapy) were excluded from the
study. All patients were of European, and predominantly, Moldavian
(91.5%) descent.

The control group comprised of 251 unrelated and ethnically mat-
ched (Moldavians, 87%) healthy individuals (150 women and 101 men;
mean age at recruitment= 47.6 ± 14.1 years), who lived in TB-af-
fected communities. Control subjects were excluded if they had a his-
tory of prior anti-TB therapy, signs or symptoms suggestive of active TB,
and/or presented infiltrates on chest X-ray.

Venous blood samples (EDTA anticoagulant added) were collected
from all study participants, and genomic DNA was extracted from
peripheral blood leukocytes using a standard salting-out method
(Varzari et al. 2015). All participants in the study were BCG vaccinated.

2.2. SNP selection

A candidate gene approach was used to select potentially relevant
genes and SNPs based on the following criteria: (i) relevance to the TLR
signaling pathway, (ii) previously described associations with infectious
diseases and/or (iii) suggested or proven functionality on a molecular
level, (iv) high prevalence in European population (minor allele fre-
quency > 0.05 according to the 1000 genomes project database), and
(v) low or moderate correlation with other SNPs (r2 < 0.80). A total of
34 SNPs from TLR1, TLR2, TLR4, TLR6, TLR7, TLR8, TLR9, TLR10,

Fig. 1. Schematic representation of the genes involved in the
TLR related pathway analyzed in this study (except TICAM1).
Positive interactions are indicated with a sharp arrow, ne-
gative with a blunt-pointed arrow. Question marks indicate
unknown interacting parters.
Figure adapted from Khakpour et al. 2015 and Oosting et al.
2014.
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CD14, MyD88, IRAK2, TICAM-2, IRAK4, TIRAP, TOLLIP, and TRAF6
genes were selected for genotyping (Fig. 1). In addition, two SNPs
(rs4733781 and rs10956514 in ASAP1 gene) identified in a Russian
genome-wide association study (GWAS) on PTB were included in the
genotyping panel as a positive control (Curtis et al. 2015). The selected
SNPs are described in Supplementary Table S1.

2.3. Genotyping and quality control

SNPs were genotyped with Agena iPlex assays using matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass array
spectrometer (Agena, San Diego, CA) following manufacturer's re-
commendations. Primers were designed using the Assay Design Suite
v2.0 (https://agenacx.com). Monoallelic SNPs or those that showed
significant deviation from Hardy-Weinberg equilibrium (HWE) (p-
value < 0.05) in the control group were excluded from further ana-
lysis.

2.4. Statistical analysis

Student's t-tests and Pearson's χ2 tests were used to compare de-
mographic data between TB cases and controls. Deviations from HWE
were examined using the PLINK software package (version 1.9, http://
pngu.mgh.harvard.edu/purcell/plink/) (Chang et al. 2015). Logistic
regression was used to assess the log-additive association of each SNP
with the risk of PTB. Minor alleles were assumed as effect associated
alleles in all tests. Odds ratios (ORs), 95% confidence intervals (CIs) and
p-values were calculated using PLINK. Linkage disequilibrium (LD)
pairwise values (r2 and D`), haplotype structure, and haplotype fre-
quencies were determined using Haploview version 4.2 (Barrett et al.
2005). Differences in haplotype frequencies were tested using χ2 test.
Haplotypes with a frequency below 1% were excluded from the ana-
lyses. The significance level for all statistical tests was set at p < 0.05.
Bonferroni correction (0.05/number of tests) was used to correct for
multiple testing.

Power analysis was performed using CaTS with a log-additive ge-
netic model, assuming significance (type I error) of 0.05 and the re-
ported TB disease prevalence of 0.0025 (WHO, 2016). The study pro-
vides sufficient power (> 80%) to detect minimum ORs of 2.0 and 1.5
for high-risk allele frequencies of> 0.05 and>0.20, respectively. The
power was smaller in the sex- and age-stratified analyses.

3. Results

3.1. Characterization of the data set

The demographic characteristics are shown in Table 1. To account
for possible bias due to statistically significant difference in age and sex
distributions between case and control groups (p < 0.0001 and
p=0.0004, respectively), the variables age and sex were included as
covariates in logistic regression analysis.

3.2. Single SNP analysis

Out of 36 SNPs selected for genotyping, rs5743854 failed at assay
design; rs3138078 was monoallelic and rs11096957, rs5743611,
rs4251552, rs4251545, and rs1059703 showed significant deviation
from HWE in controls (p-value < 0.05) (Supplementary Table S2).
These markers were excluded from the study and data from 29 SNPs
were selected for further downstream statistical analyses (Table 2). The
MAFs of these SNPs in healthy controls were similar to those in the
populations of European descent from the 1000 Genomes Project da-
tabase (Supplementary Table S1).

The European GWAS-identified risk SNPs rs4733781 and
rs10956514 in the ASAP1 gene were not associated with PTB in the
Moldavian data set, which may be due to the limited power of the
current study to detect associations with OR close to one. Nevertheless,
both SNPs displayed similar ORs to those from the GWAS (0.88 vs 0.84
and 0.93 vs 0.85, respectively for the minor alleles of rs4733781 and
rs10956514), providing support for further results reported here.

A significant association was observed for rs352139 (T > C) (p-
value= 0.0048) in TLR9 and rs3804099 (c.597 T > C) in TLR2 (p-
value= 0.0084). However, after Bonferroni's correction for multiple
testing (29 tests; p-value < 0.05/29=0.0017) both associations lost
statistical significance (Table 2). No other significant association be-
tween SNPs and PTB could be identified in this dataset.

3.3. Stratification by sex and age-of-onset

Sex-stratified analyses showed that rs3804099 (TLR2), rs352139
(TLR9) and rs4988453 (MYD88) are associated with PTB in females
(OR=0.51, 95% CI=0.34–0.76, p-value=0.00084; OR=0.49, 95%
CI= 0.32–0.74, p-value= 0.00092; OR=0.33, 95% CI=0.12–0.88,
p-value=0.027, respectively), but not in males (Table 3 and Supple-
mentary Tables S3, S4). The associations of rs352139 (TLR9) and
rs3804099 (TLR2) remained significant after correction for multiple
testing (p-value< 0.0017). The X-chromosome linked SNP TLR8
rs3764880 (A > G) showed association with PTB risk in the male
group (OR=0.44, 95% CI=0.23–0.81, p-value=0.0087; Table 3 and
Supplementary Table S3), without reaching significance after correc-
tion for multiple testing.

To elucidate the effects of SNPs in TLR pathway genes on the age at
disease onset, PTB patients were divided into two equal subgroups:
early-onset (≤38 year old, n= 137) and late-onset (≥39 year old,
n= 135). Each group was independently compared with the healthy
controls. Strong evidence for an association was found between
rs3804099 (TLR2) and PTB in the early-onset group (OR=0.53, 95%
CI= 0.36–0.78, p-value=0.0012; Table 4 and Supplementary Table
S5). In addition, nominal significance (p-value < 0.05) was detected
for rs4986790 and rs1927906 (both in TLR4) in the early-onset group
and for rs352139 (TLR9) and rs3764880 (TLR8) in the late-onset group
(Table 4 and Supplementary Tables S5, S6).

3.4. Haplotype analysis

With the set of SNPs genotyped, TLR4 formed five common haplo-
types (≥1%), TOLLIP and the gene-cluster TLR1-TLR6-TLR10 formed
four common haplotypes, and each of other genes (TLR9, MYD88,
IRAK2, CD14 and ASAP1) displayed three common haplotypes (LD
blocks are presented on Supplementary Fig. S1). In general, haplotype
analysis did not provide stronger associations over single SNPs
(Supplementary Table S7). Consistent with the single-locus results
(rs352139 within TLR9), the only significant associations were in the
TLR9 gene (p-value=0.0021 and p-value= 0.0065 for haplotypes CA
and TA, respectively). Likewise, these were lost after Bonferroni cor-
rection for multiple testing (28 tests, p-value < 0.05/28= 0.0018).

Table 1
Sex and age distribution of study population.

Characteristic Controls
(n= 251)

Cases (n= 272) p-value

Sex m: 101; f: 150 m: 152; f: 120 0.0004a

Age at referral (years;
mean ± SD)

47.6 ± 14.1 40.7 ± 12.7 <0.0001b

Age range 16–80 18–74
Age at onset (mean ± SD) NA 39.1 ± 12.2
Age at onset (median) NA 38

a Pearson's χ2 test.
b Student's t-test.
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4. Discussion

This study examined associations between 29 SNPs in TLR pathway
genes and PTB in a Moldavian population and we report significant sex-
dependent and age-of-onset-specific associations of SNPs in TLR2, TLR8
and TLR9 genes. These findings highlight the importance of genetic
variation in the TLR pathway in the development of TB and require
special consideration in the light of the previously published data on
functional and genetic association studies.

The minor ‘G’ allele of the non-synonymous SNP rs3764880
(A > G, p.Met1Val), located in exon 1 of the TLR8 gene, was found in
this study to have a protective effect on PTB in males. Although the
association has only nominal significance, this finding is in accordance
with most previous studies (Davila et al. 2008; Dalgic et al. 2011; Salie

et al. 2015). In particular, a well-powered survey conducted in a ge-
netically related Russian population reports a significant protective
effect of the same allele in males (Davila et al. 2008). Furthermore, a
recent study in an Indian population demonstrated that this allele
confers protection only in subjects who had previously received the
BCG vaccine against TB (Ugolini et al. 2018). In this regard, it should be
mentioned that all research subjects in the present study were BCG
vaccinated. The SNP rs3764880 eliminates a wild-type start codon of
TLR8, resulting in peptide truncation by three amino acids (Oh et al.
2008). According to in silico predictions, this leads to a significant
change in the secondary structure and may increase binding potential of
TLR8 (Ugolini et al. 2018). Consistent with this, in vitro gene expres-
sion assays demonstrated up-regulation of NF-kB in cells expressing the
‘G’ allele in response to stimulation by TLR8-specific ligands (Ugolini

Table 2
SNP association results.

Gene SNP Major/minor allele MAF in controls MAF in patients OR (95% CI)a p-valuea

ASAP1 rs4733781 A/C 0.323 0.309 0.88 (0.67–1.16) 0.3574
ASAP1 rs10956514 A/G 0.395 0.385 0.93 (0.71–1.22) 0.6131
TLR1 rs4833095 T/C 0.322 0.328 1.00 (0.75–1.32) 0.9857
TLR2 rs3804099 T/C 0.451 0.397 0.69 (0.53–0.91) 0.00837
TLR4 rs4986790 A/G 0.031 0.044 1.62 (0.82–3.20) 0.1654
TLR4 rs1927906 T/C 0.052 0.061 1.37 (0.79–2.39) 0.2673
TLR4 rs7873784 G/C 0.157 0.133 0.85 (0.58–1.24) 0.3999
TLR4 rs11536889 G/C 0.151 0.133 0.84 (0.59–1.20) 0.3422
TLR4 rs1927911 G/A 0.259 0.237 0.98 (0.72–1.32) 0.8797
TLR6 rs5743810 G/A 0.267 0.317 1.30 (0.96–1.74) 0.08602
TLR7 rs179008 A/T 0.242 0.199 0.89 (0.69–1.15) 0.37
TLR8 rs3764880 A/G 0.246 0.217 0.79 (0.61–1.02) 0.065
TLR9 rs352139 C/T 0.470 0.381 0.67 (0.51–0.88) 0.00476
TLR9 rs5743836 A/G 0.128 0.115 1.11 (0.73–1.68) 0.6355
TLR10 rs11466657 A/G 0.031 0.043 1.54 (0.76–3.11) 0.231
CD14 rs2915863 T/C 0.418 0.424 1.05 (0.81–1.36) 0.7321
CD14 rs2569190 G/A 0.482 0.489 1.03 (0.80–1.33) 0.7952
MyD88 rs4988453 C/A 0.055 0.035 0.64 (0.34–1.21) 0.1715
MyD88 rs6853 A/G 0.133 0.135 0.96 (0.66–1.41) 0.8477
TIRAP rs8177374 C/T 0.117 0.091 0.72 (0.47–1.11) 0.1391
IRAK2 rs35060588 C/G 0.076 0.085 1.09 (0.68–1.74) 0.7268
IRAK2 rs3844283 C/G 0.417 0.398 0.87 (0.66–1.14) 0.3171
IRAK2 rs708035 A/T 0.324 0.353 1.22 (0.92–1.61) 0.1604
TOLLIP rs3750920 C/T 0.496 0.478 0.96 (0.74–1.24) 0.7358
TOLLIP rs5743899 T/C 0.190 0.183 0.88 (0.62–1.24) 0.4632
TOLLIP rs3793964 C/T 0.388 0.351 0.90 (0.69–1.18) 0.4425
TOLLIP rs4963067 T/C 0.078 0.075 0.92 (0.56–1.52) 0.7575
TICAM2 rs746566 C/T 0.407 0.423 1.04 (0.79–1.35) 0.8012
TRAF6 rs4755453 G/C 0.191 0.181 0.80 (0.57–1.13) 0.2038

p-values below 0.05 are highlighted in bold.
a Log-additive model adjusted for sex and age at recruitment.

Table 3
Results of genetic association analysis by sex.

SNP Major (A)/minor (a) allele Group Genotype/allele distribution, n (%) OR (95% CI)a p-valuea

AA Aa aa A a

Females
TLR2 rs3804099 T/C Controls 40 (27.6) 76 (52.4) 29 (20) 156 (53.8) 134 (46.2) 0.51 (0.34–0.76) 0.00084⁎

Cases 54 (47) 49 (42.6) 12 (10.4) 157 (68.3) 73 (31.7)
TLR9 rs352139 C/T Controls 32 (22.7) 80 (56.7) 29 (20.6) 144 (51.1) 138 (48.9) 0.49 (0.32–0.74) 0.00092⁎

Cases 42 (37.5) 58 (51.8) 12 (10.7) 142 (63.4) 82 (36.6)
MYD88 rs4988453 C/A Controls 129 (87.2) 19 (12.8) 0 (0) 277 (93.6) 19 (6.4) 0.33 (0.12–0.88) 0.0272

Cases 114 (95) 6 (5) 0 (0) 234 (97.5) 6 (2.5)

Males
TLR8 rs3764880 A/G Controls -b – – 68 (68.7) 31 (31.3) 0.44 (0.23–0.81) 0.00871

Cases – – – 124 (83.2) 25 (16.8)

Note: Only SNPs with nominal p-values < 0.05 are included. For full list of SNPs see Supplementary Tables S3 and S4.
a Log-additive regression model adjusted for age at recruitment.
b This SNP locates on X chromosome.
⁎ The result remained significant after controlling for type I error by using Bonferroni correction (α=0.05/29).
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et al. 2018). Furthermore, a significant increase in expression of NF-kB
dependent cytokines (TNFα, IL-8 and IL-12) by immune cells carrying
the ‘G’ allele has been reported (Oh et al. 2008; Gu et al. 2016; Ugolini
et al. 2018). Sex-specific association of rs3764880 with TB in males
found in this and previous studies can be explained by the location of
TLR8 on X chromosome: being hemizygous, rs3764880 might have a
more pronounced effect in males than in females. Besides the above
mentioned functional effect of rs3764880 on TLR8 peptide truncation,
it needs to be regarded that substantial LD exists to polymorphisms in
the upstream gene region (data not shown). These SNPs might have
additional regulatory effects on TLR8 gene expression.

Polymorphism TLR9 rs352139, located in the first intron of TLR9,
showed a significant association with PTB in this study, particularly in
females, with the minor ‘T’ allele conferring protection against PTB.
Interestingly, the same allele was significantly associated with reduced
TB risk in Indonesian females previously (Kobayashi et al. 2012),
whereas an association in opposite direction (risk effect) was observed
in a group of indigenous females from Mexico (Torres-García et al.
2013). Additionally, a strong protective effect of the ‘T’ allele was seen
in African Americans, but not in European Americans and African pa-
tients from Guinea-Bissau (Velez et al. 2010). Such diverse results might
be explained by the involvement and interaction of other genetic and
environmental factors like ethnicity, genetic backgrounds, vaccination
history and bacterial characteristics of M.tb strains. Functionally this
polymorphism was found to affect the gene transcription, such that the
‘T’ allele was associated with increased expression of TLR9 (Tao et al.
2007). The mechanism for this regulation remains unclear and the in-
tronic variant rs352139 might either directly affect transcription of the
gene or be linked to another yet-to-be-identified functional variant, as
considerable LD exists to other SNPs in this region.

The SNP rs3804099, located in exon 3 of TLR2, introduces a sy-
nonymous amino acid exchange (p.Asn199=) and shows no significant
LD to other polymorphisms in the locus. Similar to TLR9 rs352139, the
association between this SNP and PTB was restricted to the female
population in this study. Specifically, the minor allele ‘C’ showed a
protective effect. These sex-specific protective associations of TLR2
rs3804099 and TLR9 rs352139 SNPs with PTB in females are in a
general agreement with epidemiologic observations (female sex is as-
sociated with decreased risk of TB development) and might be ex-
plained by complex interactions between genes involved in innate im-
munity and sex hormones (Torcia et al. 2012; Seillet et al. 2013; Jaillon
et al. 2017). Several studies examined the relationship between TLR2
rs3804099 and TB but yielded contradictory results. Consistent with the
current study, increased PTB risk was found to be associated with the ‘T’
allele in Hispanic Americans (Ma et al. 2007) and Tibetans (Xue et al.

2017). In contrast, the same allele was found to be significantly asso-
ciated with PTB resistance in an Iranian population (Naderi et al. 2013).
No effect was found in Colombian (Sanchez et al., 2014), Vietnamese
(Thuong et al. 2007), West Chinese (Zhao et al. 2015), and Croatian
(Etokebe et al. 2010) populations, as well as in African and European
Americans (Velez et al. 2010). As mentioned above, these contradictory
results might be the result of population-specific genetic and environ-
mental effects or due to a lack of power to detect effects. The functional
effect of rs3804099, which shows no considerable LD with any other
SNP in the TLR2 gene region, is unknown. However, in vitro studies
have shown that the ‘C’ allele was correlated with an increased pro-
duction of cytokines (i.e., IL-10, IL-8 and TNF-α) by peripheral blood
leukocytes in response to LPS stimuli (Chen et al. 2011). It is therefore
possible that the TLR2 SNP rs3804099 influences susceptibility to TB
via effecting the production of cytokines.

This study observed age-dependent associations with TB for SNP
TLR2 rs3804099 at a study-wide significance level, and at a nominal
significance level for TLR8 rs3764880, TLR9 rs352139, TLR4
rs4986790 and TLR4 rs1927906. To the best of our knowledge, this is
the first report describing such interactions for these loci, and it could
be the basis for replication studies in independent populations. Age-
dependent associations with TB have been described previously for
other genetic loci by several reports (Mahasirimongkol et al. 2012;
Grant et al. 2013; Varzari et al. 2018), but the underlying phenomena
remain to be elucidated.

We explored possible effects of rs3764880, rs352139 and rs3804099
on gene expression using the tissue specific data from the Genotype-
Tissue Expression Project (https://gtexportal.org on Nov. 15th 2018).
The most prominent effect was found for rs3764880 with a lower ex-
pression of TLR8 in presence of the protective minor allele ‘G’ in whole
blood samples. This underlines the possibility that not only the peptide
truncating effect of rs3764880, but also genetically linked poly-
morphisms in the potential promoter of the gene might be functionally
relevant. Another interesting observation could be made for rs352139
as the expression of several other genes within 600 kb of the TLR9 locus
(e.g. GLYCTK, NT5DC2, PBRM1, GNL3, NEK4, ITIH4) correlated with
presence of rs352139 alleles. This implies a broad regulatory influence
of rs352139 (or a SNP in LD) on genes in this locus and should be
investigated in more detail in the future. However, this SNP had no
observable effect on TLR9 expression itself, which might be due to the
very low TLR9 expression in all investigated tissues. The polymorphism
rs3804099, which introduces a synonymous amino acid exchange in
TLR2 and shows no LD to other SNPs in the locus, showed an effect on
TLR2 expression in fibroblasts. However, this effect needs to be con-
sidered with caution, because TLR2 expression was extremely low in

Table 4
Results of genetic association analysis by age-at-onset.

SNP Major (A)/minor (a) allele Group Genotype/allele distribution, n (%) OR (95% CI)a p-valuea

AA Aa aa A a

18–38 years old patients
TLR2 rs3804099 T/C Controls 72 (29.6) 123 (50.6) 48 (19.8) 267 (54.9) 219 (45.1) 0.53 (0.36–0.78) 0.0012⁎

Cases 49 (38) 61 (47.3) 19 (14.7) 159 (61.6) 99 (38.4)
TLR4 rs4986790 A/G Controls 228 (93.8) 15 (6.2) 0 (0) 471 (96.9) 15 (3.1) 3.45 (1.26–9.39) 0.013

Cases 121 (91) 11 (8.3) 1 (0.8) 253 (95.1) 13 (4.9)
TLR4 rs1927906 T/C Controls 218 (90.1) 23 (9.5) 1 (0.4) 459 (94.8) 25 (5.2) 2.31 (1.02–5.25) 0.044

Cases 114 (87.7) 15 (11.5) 1 (0.8) 243 (93.5) 17 (6.5)

39–73 years old patients
TLR9 rs352139 C/T Controls 61 (26.1) 126 (53.9) 47 (20.1) 248 (53) 220 (47) 0.60 (0.43–0.84) 0.0029

Cases 49 (37.7) 69 (53.1) 12 (9.2) 167 (64.2) 93 (35.8)
TLR8 rs3764880 A/G Controls 157 (64.5) 52 (21.1) 38 (15.4) 366 (75.4) 128 (24.6) 0.70 (0.52–0.95) 0.021

Cases 102 (76.7) 15 (11.3) 16 (12) 219 (82.3) 47 (17.7)

Note: Only SNPs with nominal p-values< 0.05 are included. For full list of SNPs see Supplementary Tables S5 and S6.
a Log-additive regression model adjusted for sex and age at recruitment.
⁎ The result remained significant after controlling for type I error by using Bonferroni correction (α=0.05/29).
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these cells.
No other SNPs in this study showed meaningful associations with

PTB, suggesting that the investigated SNPs may have no effect on PTB
in the Moldavian population. Alternatively, our calculations suggest
that the sample size used in the present study might also have in-
sufficient statistical power to detect marginal associations potentially
present in the TLR variants studied. Remarkably, no association was
observed between SNPs MYD88 rs6853 and TIRAP rs8177374 and PTB,
although strong associations for these SNPs were reported for Italians
(Napoli), Romanians and Ukrainians (Capparelli et al. 2013). Such in-
consistency was unexpected, as Moldavians are genetically closely re-
lated with Romanians and Ukrainians (Varzari et al. 2007; Varzari et al.
2013). The epidemiologic situation of TB in the Republic of Moldova is
also very similar to the neighboring Romania and Ukraine. Moreover,
the samples are comparable with respect to sample sizes and statistical
power. The differences between our and the above study are primarily
in the reported allele frequencies of MYD88 rs6853 in the groups of
healthy subjects. In the samples from Italy, Romania and Ukraine the
MAF was strikingly higher (MAF=0.27, 0.29 and 0.23, respectively)
than in our study (MAF=0.13), as well as in CEU USA (MAF=0.11),
UK (MAF=0.08), Spain (MAF=0.15), Toscana Italy (MAF=0.18)
(1000 Genomes Project database) and Napoli Italy (MAF=0.21)
(Fulgione et al. 2016). Further studies in European and other popula-
tions are needed to resolve the conflicting results regarding the effect of
MYD88 rs6853 on risk of PTB. Regarding the TIRAP rs8177374 SNP,
absence of association with PTB in the Moldavian cohort is in line with
an also negative finding in a large case-control study in a Russian po-
pulation (Nejentsev et al. 2008).

Our study had a few limitations. Firstly, the number of participants
was not sufficient to detect small effect sizes. Secondly, healthy controls
were not evaluated for latent M.tb infection, and therefore it was not
possible to distinguish between infected and virtually uninfected in-
dividuals. However, as mentioned, all individuals were recruited from
TB-communities (e.g., household contacts) and were expected to be
infected. Third, the number of SNPs in the TLR pathway genes analyzed
was limited. Given the key role of TLR signaling in TB pathologies,
additional risk loci and haplotypes in this pathway may possibly exist.

5. Conclusions

We report an association between TLR8 rs3764880 SNP and PTB in
Moldavian males, providing further support for the role of TLR8 in the
pathogenesis of PTB. Furthermore, the study shows sex-specific effects
on PTB for TLR9 rs352139 and TLR2 rs3804099 SNPs in females.
Finally, the age-at-onset of PTB appears to be influenced by the TLR2
SNP rs3804099. Further large-scale replication studies along with
functional tests are warranted to validate these findings. This knowl-
edge may then be valuable in the development of new therapeutic anti-
TB strategies including the use of specific adjuvants.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2018.12.005.

Authors' contributions

AV conceived the study design, participated in the statistical ana-
lyses, wrote the manuscript, and funded the study. IVD performed the
statistical analyses and participated in writing the manuscript. IV par-
ticipated in the collection of clinical data and subject recruitment. HG
designed primers and conducted genotyping. MS assisted in study de-
sign and writing the final version of the manuscript. ET participated in
the study design, subject recruitment and funded the study. TI partici-
pated in the study design and funded the study. All of the authors read
and approved the final manuscript.

Conflict of interests

The authors declare no conflict of interests.

Funding

The study was supported by the Academy of Sciences of Moldova
(grant no. 13.817.09.01A) and Hannover Unified Biobank. Alexander
Varzari was sponsored by the Alexander von Humboldt Foundation.

Acknowledgements

We thank Ina Suruceanu for assistance with DNA isolation and all
the patients and control subjects for participating in this study and
providing blood samples. We would like to thank Editage (www.
editage.com) for English language editing.

References

Abel, B., Thieblemont, N., Quesniaux, V.J., Brown, N., Mpagi, J., Miyake, K., Bihl, F.,
Ryffel, B., 2002. Toll-like receptor 4 expression is required to control chronic
Mycobacterium tuberculosis infection in mice. J. Immunol. 169, 3155–3162. https://
doi.org/10.1016/S0002-9440(10)63095–7.

Aggelou, K., Siapati, E.K., Gerogianni, I., Daniil, Z., Gourgoulianis, K., Ntanos, I.,
Simantirakis, E., Zintzaras, E., Mollaki, V., Vassilopoulos, G., 2016. The -938C>A
polymorphism in MYD88 is associated with susceptibility to tuberculosis: a pilot
study. Dis. Markers 2016, 4961086. https://doi.org/10.1155/2016/4961086.

Akira, S., Uematsu, S., Takeuchi, O., 2006. Pathogen recognition and innate immunity.
Cell 124, 783–801. https://doi.org/10.1016/j.cell.2006.02.015.

Barrett, J.C., Fry, B., Maller, J., Daly, M.J., 2005. Haploview: analysis and visualization of
LD and haplotype maps. Bioinformatics 21, 263–265. https://doi.org/10.1093/
bioinformatics/bth457.

Capparelli, R., De Chiara, F., Di Matteo, A., Medaglia, C., Iannelli, D., 2013. The MyD88
rs6853 and TIRAP rs8177374 polymorphic sites are associated with resistance to
human pulmonary tuberculosis. Genes Immun. 14, 504–511. https://doi.org/10.
1038/gene.2013.48.

Casanova, J.L., Abel, L., Quintana-Murci, L., 2011. Human TLRs and IL-1Rs in host de-
fense: natural insights from evolutionary, epidemiological, and clinical genetics.
Annu. Rev. Immunol. 29, 447–491. https://doi.org/10.1146/annurev-immunol-
030409-101335.

Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell, S.M., Lee, J.J., 2015. Second-
generation PLINK: rising to the challenge of larger and richer datasets. Gigascience 4
(7). https://doi.org/10.1186/s13742-015-0047-8.

Chen, K.H., Gu, W., Zeng, L., Jiang, D.P., Zhang, L.Y., Zhou, J., Du, D.Y., Hu, P., Liu, Q.,
Huang, S.N., Jiang, J.X., 2011. Identification of haplotype tag SNPs within the entire
TLR2 gene and their clinical relevance in patients with major trauma. Shock 35,
35–41. https://doi.org/10.1097/SHK.0b013e3181eb45b3.

Curtis, J., Luo, Y., Zenner, H.L., Cuchet-Lourenço, D., Wu, C., Lo, K., Maes, M., Alisaac, A.,
Stebbings, E., Liu, J.Z., Kopanitsa, L., Ignatyeva, O., Balabanova, Y., Nikolayevskyy,
V., Baessmann, I., Thye, T., Meyer, C.G., Nürnberg, P., Horstmann, R.D.,
Drobniewski, F., Plagnol, V., Barrett, J.C., Nejentsev, S., 2015. Susceptibility to tu-
berculosis is associated with variants in the ASAP1 gene encoding a regulator of
dendritic cell migration. Nat. Genet. 47, 523–527. https://doi.org/10.1038/ng.3248.

Dalgic, N., Tekin, D., Kayaalti, Z., Cakir, E., Soylemezoglu, T., Sancar, M., 2011.
Relationship between toll-like receptor 8 gene polymorphisms and pediatric pul-
monary tuberculosis. Dis. Markers 31, 33–38. https://doi.org/10.3233/DMA-2011-
0800.

Davila, S., Hibberd, M.L., Hari Dass, R., Wong, H.E., Sahiratmadja, E., Bonnard, C.,
Alisjahbana, B., Szeszko, J.S., Balabanova, Y., Drobniewski, F., van Crevel, R., van de
Vosse, E., Nejentsev, S., Ottenhoff, T.H., Seielstad, M., 2008. Genetic association and
expression studies indicate a role of toll-like receptor 8 in pulmonary tuberculosis.
PLoS Genet. 4, e1000218. https://doi.org/10.1371/journal.pgen.1000218.

Dittrich, N., Berrocal-Almanza, L.C., Thada, S., Goyal, S., Slevogt, H., Sumanlatha, G.,
Hussain, A., Sur, S., Burkert, S., Oh, D.Y., Valluri, V., Schumann, R.R., Conrad, M.L.,
2015. Toll-like receptor 1 variations influence susceptibility and immune response to
Mycobacterium tuberculosis. Tuberculosis (Edinb) 95, 328–335. https://doi.org/10.
1016/j.tube.2015.02.045.

Drennan, M.B., Nicolle, D., Quesniaux, V.J., Jacobs, M., Allie, N., Mpagi, J., Frémond, C.,
Wagner, H., Kirschning, C., Ryffel, B., 2004. Toll-like receptor 2-deficient mice suc-
cumb to Mycobacterium tuberculosis infection. Am. J. Pathol. 164, 49–57. https://
doi.org/10.1016/S0002-9440(10)63095-7.

Etokebe, G.E., Skjeldal, F., Nilsen, N., Rodionov, D., Knezevic, J., Bulat-Kardum, L.,
Espevik, T., Bakke, O., Dembic, Z., 2010. Toll-like receptor 2 (P631H) mutant impairs
membrane internalization and is a dominant negative allele. Scand. J. Immunol. 71,
369–381. https://doi.org/10.1111/j.1365-3083.2010.02379.x.

Fulgione, A., Di Matteo, A., Contaldi, F., Manco, R., Ianniello, F., Incerti, G., De Seta, M.,
Esposito, N., Crasto, A., Iannelli, D., Capparelli, R., 2016. Epistatic interaction be-
tween MyD88 and TIRAP against Helicobacter pylori. FEBS Lett. 590, 2127–2137.
https://doi.org/10.1002/1873-3468.12252.

Grant, A.V., El Baghdadi, J., Sabri, A., El Azbaoui, S., Alaoui-Tahiri, K., Abderrahmani

A. Varzari et al. Infection, Genetics and Evolution 68 (2019) 84–90

89

https://doi.org/10.1016/j.meegid.2018.12.005
https://doi.org/10.1016/j.meegid.2018.12.005
http://www.editage.com
http://www.editage.com
https://doi.org/10.1016/S0002-9440(10)63095�7
https://doi.org/10.1016/S0002-9440(10)63095�7
https://doi.org/10.1155/2016/4961086
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1038/gene.2013.48
https://doi.org/10.1038/gene.2013.48
https://doi.org/10.1146/annurev-immunol-030409-101335
https://doi.org/10.1146/annurev-immunol-030409-101335
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1097/SHK.0b013e3181eb45b3
https://doi.org/10.1038/ng.3248
https://doi.org/10.3233/DMA-2011-0800
https://doi.org/10.3233/DMA-2011-0800
https://doi.org/10.1371/journal.pgen.1000218
https://doi.org/10.1016/j.tube.2015.02.045
https://doi.org/10.1016/j.tube.2015.02.045
https://doi.org/10.1016/S0002-9440(10)63095-7
https://doi.org/10.1016/S0002-9440(10)63095-7
https://doi.org/10.1111/j.1365-3083.2010.02379.x
https://doi.org/10.1002/1873-3468.12252


Rhorfi, I., Gharbaoui, Y., Abid, A., Benkirane, M., Raharimanga, V., Richard, V.,
Orlova, M., Boland, A., Migaud, M., Okada, S., Nolan, D.K., Bustamante, J., Barreiro,
L.B., Schurr, E., Boisson-Dupuis, S., Rasolofo, V., Casanova, J.L., Abel, L., 2013. Age-
dependent association between pulmonary tuberculosis and common TOX variants in
the 8q12-13 linkage region. Am. J. Hum. Genet. 92, 407–414. https://doi.org/10.
1016/j.ajhg.2013.01.013.

Gu, L., Zhou, J., Tan, J., Yang, J., Shen, T., Jiang, H., Tang, Q., 2016. Association of TLR8
gene rs3764880 polymorphisms with susceptibility and lipid metabolism- and in-
flammation response-related quantitative traits of ischemic stroke in southern
Chinese Han male population. J. Neurol. Sci. 370, 94–99. https://doi.org/10.1016/j.
jns.2016.08.021.

Jaillon, S., Berthenet, K., Garlanda, C., 2017. Sexual dimorphism in innate immunity.
Clin. Rev. Allergy Immunol. https://doi.org/10.1007/s12016-017-8648-x. (Epub
ahead of print).

Kawai, T., Akira, S., 2010. The role of pattern-recognition receptors in innate immunity:
update on Toll-like receptors. Nat. Immunol. 11, 373–384. https://doi.org/10.1038/
ni.1863.

Khakpour, S., Wilhelmsen, K., Hellman, J., 2015. Vascular endothelial cell Toll-like re-
ceptor pathways in sepsis. Innate Immun. 21 (8), 827–846. https://doi.org/10.1177/
1753425915606525.

Khor, C.C., Chapman, S.J., Vannberg, F.O., Dunne, A., Murphy, C., Ling, E.Y., Frodsham,
A.J., Walley, A.J., Kyrieleis, O., Khan, A., Aucan, C., Segal, S., Moore, C.E., Knox, K.,
Campbell, S.J., Lienhardt, C., Scott, A., Aaby, P., Sow, O.Y., Grignani, R.T., Sillah, J.,
Sirugo, G., Peshu, N., Williams, T.N., Maitland, K., Davies, R.J., Kwiatkowski, D.P.,
Day, N.P., Yala, D., Crook, D.W., Marsh, K., Berkley, J.A., O'Neill, L.A., Hill, A.V.,
2007. A Mal functional variant is associated with protection against invasive pneu-
mococcal disease, bacteremia, malaria and tuberculosis. Nat. Genet. 39, 523–528.
https://doi.org/10.1038/ng1976.

Kobayashi, K., Yuliwulandari, R., Yanai, H., Naka, I., Lien, L.T., Hang, N.T., Hijikata, M.,
Keicho, N., Tokunaga, K., 2012. Association of TLR polymorphisms with development
of tuberculosis in Indonesian females. Tissue Antigens 79, 190–197. https://doi.org/
10.1111/j.1399-0039.2011.01821.x.

Lawn, S.D., Zumla, A.I., 2011. Tuberculosis. Lancet 378, 57–72. https://doi.org/10.1016/
S0140-6736(10)62173-3.

Ma, X., Liu, Y., Gowen, B.B., Graviss, E.A., Clark, A.G., Musser, J.M., 2007. Full-exon
resequencing reveals toll-like receptor variants contribute to human susceptibility to
tuberculosis disease. PLoS One 2, e1318. https://doi.org/10.1371/journal.pone.
0001318.

Mahasirimongkol, S., Yanai, H., Mushiroda, T., Promphittayarat, W., Wattanapokayakit,
S., Phromjai, J., Yuliwulandari, R., Wichukchinda, N., Yowang, A., Yamada, N.,
Kantipong, P., Takahashi, A., Kubo, M., Sawanpanyalert, P., Kamatani, N.,
Nakamura, Y., Tokunaga, K., 2012. Genome-wide association studies of tuberculosis
in Asians identify distinct at-risk locus for young tuberculosis. J. Hum. Genet. 57,
363–367. https://doi.org/10.1038/jhg.2012.35.

Naderi, M., Hashemi, M., Hazire-Yazdi, L., Taheri, M., Moazeni-Roodi, A., Eskandari-
Nasab, E., Bahari, G., 2013. Association between toll-like receptor2 Arg677Trp and
597T/C gene polymorphisms and pulmonary tuberculosis in Zahedan, Southeast Iran.
Braz. J. Infect. Dis. 17, 516–520. https://doi.org/10.1016/j.bjid.2012.12.009.

Nejentsev, S., Thye, T., Szeszko, J.S., Stevens, H., Balabanova, Y., Chinbuah, A.M.,
Hibberd, M., van de Vosse, E., Alisjahbana, B., van Crevel, R., Ottenhoff, T.H., Png, E.,
Drobniewski, F., Todd, J.A., Seielstad, M., Horstmann, R.D., 2008. Analysis of asso-
ciation of the TIRAP (MAL) S180L variant and tuberculosis in three populations. Nat.
Genet. 40, 261–262. https://doi.org/10.1038/ng0308-261.

Oh, D.Y., Taube, S., Hamouda, O., Kücherer, C., Poggensee, G., Jessen, H., Eckert, J.K.,
Neumann, K., Storek, A., Pouliot, M., Borgeat, P., Oh, N., Schreier, E., Pruss, A.,
Hattermann, K., Schumann, R.R., 2008. A functional toll-like receptor 8 variant is
associated with HIV disease restriction. J. Infect. Dis. 198, 701–709. https://doi.org/
10.1086/590431.

Oosting, M., Cheng, S.C., Bolscher, J.M., Vestering-Stenger, R., Plantinga, T.S.,
Verschueren, I.C., Arts, P., Garritsen, A., van Eenennaam, H., Sturm, P., Kullberg,
B.J., Hoischen, A., Adema, G.J., van der Meer, J.W., Netea, M.G., Joosten, L.A., 2014.
Human TLR10 is an anti-inflammatory pattern-recognition receptor. Proc. Natl. Acad.
Sci. U. S. A. 11, E4478–E4484. https://doi.org/10.1073/pnas.1410293111.

Orlova, M., Schurr, E., 2017. Human genomics of mycobacterium tuberculosis infection
and disease. Curr. Genet. Med. Rep. 5, 125–131. https://doi.org/10.1007/s40142-
017-0124-7.

Salie, M., Daya, M., Lucas, L.A., Warren, R.M., van der Spuy, G.D., van Helden, P.D., Hoal,
E.G., Möller, M., 2015. Association of toll-like receptors with susceptibility to tu-
berculosis suggests sex-specific effects of TLR8 polymorphisms. Infect. Genet. Evol.
34, 221–229. https://doi.org/10.1016/j.meegid.2015.07.004.

Sanchez, D., Lefebvre, C., Garcia, L.F., Rioux, J., Barrera, L.F., 2014. Crohn's disease
susceptibility variants in Colombian tuberculosis patients. Int. J. Tuberc. Lung. Dis.
18, 89–94. https://doi.org/10.5588/ijtld.13.0932.

Scanga, C.A., Bafica, A., Feng, C.G., Cheever, A.W., Hieny, S., Sher, A., 2004. MyD88-
deficient mice display a profound loss in resistance to Mycobacterium tuberculosis

associated with partially impaired Th1 cytokine and nitric oxide synthase 2 expres-
sion. Infect. Immun. 72, 2400–2404. https://doi.org/10.1128/IAI.72.4.2400-2404.
2004.

Seillet, C., Rouquié, N., Foulon, E., Douin-Echinard, V., Krust, A., Chambon, P., Arnal,
J.F., Guéry, J.C., Laffont, S., 2013. Estradiol promotes functional responses in in-
flammatory and steady-state dendritic cells through differential requirement for ac-
tivation function-1 of estrogen receptor alpha. J. Immunol. 190, 5459–5470. https://
doi.org/10.4049/jimmunol.1203312.

Tao, K., Fujii, M., Tsukumo, S., Maekawa, Y., Kishihara, K., Kimoto, Y., Horiuchi, T.,
Hisaeda, H., Akira, S., Kagami, S., Yasutomo, K., 2007. Genetic variations of Toll-like
receptor 9 predispose to systemic lupus erythematosus in Japanese population. Ann.
Rheum. Dis. 66, 905–909. https://doi.org/10.1136/ard.2006.065961.

Thuong, N.T., Hawn, T.R., Thwaites, G.E., Chau, T.T., Lan, N.T., Quy, H.T., Hieu, N.T.,
Aderem, A., Hien, T.T., Farrar, J.J., Dunstan, S.J., 2007. A polymorphism in human
TLR2 is associated with increased susceptibility to tuberculous meningitis. Genes
Immun. 8, 422–428. https://doi.org/10.1038/sj.gene.6364405.

Torcia, M.G., Nencioni, L., Clemente, A.M., Civitelli, L., Celestino, I., Limongi, D.,
Fadigati, G., Perissi, E., Cozzolino, F., Garaci, E., Palamara, A.T., 2012. Sex differ-
ences in the response to viral infections: TLR8 and TLR9 ligand stimulation induce
higher IL10 production in males. PLoS 7, e39853. https://doi.org/10.1371/journal.
pone.0039853.

Torres-García, D., Cruz-Lagunas, A., García-Sancho Figueroa, M.C., Fernández-Plata, R.,
Baez-Saldaña, R., Mendoza-Milla, C., Barquera, R., Carrera-Eusebio, A., Ramírez-
Bravo, S., Campos, L., Angeles, J., Vargas-Alarcón, G., Granados, J., Gopal, R.,
Khader, S.A., Yunis, E.J., Zuñiga, J., 2013. Variants in toll-like receptor 9 gene in-
fluence susceptibility to tuberculosis in a Mexican population. J. Transl. Med. 11,
220. https://doi.org/10.1186/1479-5876-11-220.

Triantafilou, M., Triantafilou, K., 2002. Lipopolysaccharide recognition: CD14, TLRs and
the LPS-activation cluster. Trends Immunol. 23, 301–304. https://doi.org/10.1016/
S1471-4906(02)02233-0.

Ugolini, M., Gerhard, J., Burkert, S., Jensen, K.J., Georg, P., Ebner, F., Volkers, S.M.,
Thada, S., Dietert, K., Bauer, L., Schäfer, A., Helbig, E.T., Opitz, B., Kurth, F., Sur, S.,
Dittrich, N., Gaddam, S., Conrad, M.L., Benn, C.S., Blohm, U., Gruber, A.D., Hutloff,
A., Hartmann, S., Boekschoten, M.V., Müller, M., Jungersen, G., Schumann, R.R.,
Suttorp, N., Sander, L.E., 2018. Recognition of microbial viability via TLR8 drives
TFH cell differentiation and vaccine responses. Nat. Immunol. 19, 386–396. https://
doi.org/10.1038/s41590-018-0068-4.

Varzari, A., Stephan, W., Stepanov, V., Raicu, F., Cojocaru, R., Roschin, Y., Glavce, C.,
Dergachev, V., Spiridonova, M., Schmidt, H.D., Weiss, E., 2007. Population history of
the Dniester-Carpathians: evidence from Alu markers. J. Hum. Genet. 52, 308–316.
https://doi.org/10.1007/s10038-007-0113-x.

Varzari, A., Kharkov, V., Nikitin, A.G., Raicu, F., Simonova, K., Stephan, W., Weiss, E.H.,
Stepanov, V., 2013. Paleo-Balkan and Slavic contributions to the genetic pool of
Moldavians: insights from the Y chromosome. PLoS One 8, e53731. https://doi.org/
10.1371/journal.pone.0053731.

Varzari, A., Deyneko, I.V., Tudor, E., Turcan, S., 2015. Polymorphisms of glutathione S-
transferase and methylenetetrahydrofolate reductase genes in Moldavian patients
with ulcerative colitis: genotype-phenotype correlation. Meta Gene 7, 76–82. https://
doi.org/10.1016/j.mgene.2015.12.002.

Varzari, A., Tudor, E., Bodrug, N., Corloteanu, A., Axentii, E., Deyneko, I.V., 2018. Age-
specific association of CCL5 gene polymorphism with pulmonary tuberculosis: a case-
control study. Genet. Test. Mol. Biomarkers 22, 281–287. https://doi.org/10.1089/
gtmb.2017.0250.

Velez, D.R., Wejse, C., Stryjewski, M.E., Abbate, E., Hulme, W.F., Myers, J.L., Estevan, R.,
Patillo, S.G., Olesen, R., Tacconelli, A., Sirugo, G., Gilbert, J.R., Hamilton, C.D., Scott,
W.K., 2010. Variants in toll-like receptors 2 and 9 influence susceptibility to pul-
monary tuberculosis in Caucasians, African-Americans, and West Africans. Hum.
Genet. 127, 65–73. https://doi.org/10.1007/s00439-009-0741-7.

World Health Organization, 2016. Global Tuberculosis Report 2016. WHO, Geneva,
Switzerland.

Xue, Y., Zhao, Z.Q., Chen, F., Zhang, L., Li, G.D., Ma, K.W., Bai, X.F., Zuo, Y.J., 2012.
Polymorphisms in the promoter of the CD14 gene and their associations with sus-
ceptibility to pulmonary tuberculosis. Tissue Antigens 80, 437–443. https://doi.org/
10.1111/j.1399-0039.2012.01958.x.

Xue, X., Qiu, Y., Jiang, D., Jin, T., Yan, M., Zhu, X., Chu, Y., 2017. The association analysis
of TLR2 and TLR4 gene with tuberculosis in the Tibetan Chinese population.
Oncotarget 8, 113082–113089. https://doi.org/10.18632/oncotarget.22996.

Zaki, H.Y., Leung, K.H., Yiu, W.C., Gasmelseed, N., Elwali, N.E., Yip, S.P., 2012. Common
polymorphisms in TLR4 gene associated with susceptibility to pulmonary tubercu-
losis in the Sudanese. Int. J. Tuberc. Lung. Dis. 16, 934–940. https://doi.org/10.
5588/ijtld.11.0517.

Zhao, Y., Bu, H., Hong, K., Yin, H., Zou, Y.L., Geng, S.J., Zheng, M.M., He, J.Y., 2015.
Genetic polymorphisms of CCL1 rs2072069 G/A and TLR2 rs3804099 T/C in pul-
monary or meningeal tuberculosis patients. Int. J. Clin. Exp. Pathol. 8, 12608–12620.

A. Varzari et al. Infection, Genetics and Evolution 68 (2019) 84–90

90

https://doi.org/10.1016/j.ajhg.2013.01.013
https://doi.org/10.1016/j.ajhg.2013.01.013
https://doi.org/10.1016/j.jns.2016.08.021
https://doi.org/10.1016/j.jns.2016.08.021
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1038/ni.1863
https://doi.org/10.1038/ni.1863
https://doi.org/10.1177/1753425915606525
https://doi.org/10.1177/1753425915606525
https://doi.org/10.1038/ng1976
https://doi.org/10.1111/j.1399-0039.2011.01821.x
https://doi.org/10.1111/j.1399-0039.2011.01821.x
https://doi.org/10.1016/S0140-6736(10)62173-3
https://doi.org/10.1016/S0140-6736(10)62173-3
https://doi.org/10.1371/journal.pone.0001318
https://doi.org/10.1371/journal.pone.0001318
https://doi.org/10.1038/jhg.2012.35
https://doi.org/10.1016/j.bjid.2012.12.009
https://doi.org/10.1038/ng0308-261
https://doi.org/10.1086/590431
https://doi.org/10.1086/590431
https://doi.org/10.1073/pnas.1410293111
https://doi.org/10.1007/s40142-017-0124-7
https://doi.org/10.1007/s40142-017-0124-7
https://doi.org/10.1016/j.meegid.2015.07.004
https://doi.org/10.5588/ijtld.13.0932
https://doi.org/10.1128/IAI.72.4.2400-2404.2004
https://doi.org/10.1128/IAI.72.4.2400-2404.2004
https://doi.org/10.4049/jimmunol.1203312
https://doi.org/10.4049/jimmunol.1203312
https://doi.org/10.1136/ard.2006.065961
https://doi.org/10.1038/sj.gene.6364405
https://doi.org/10.1371/journal.pone.0039853
https://doi.org/10.1371/journal.pone.0039853
https://doi.org/10.1186/1479-5876-11-220
https://doi.org/10.1016/S1471-4906(02)02233-0
https://doi.org/10.1016/S1471-4906(02)02233-0
https://doi.org/10.1038/s41590-018-0068-4
https://doi.org/10.1038/s41590-018-0068-4
https://doi.org/10.1007/s10038-007-0113-x
https://doi.org/10.1371/journal.pone.0053731
https://doi.org/10.1371/journal.pone.0053731
https://doi.org/10.1016/j.mgene.2015.12.002
https://doi.org/10.1016/j.mgene.2015.12.002
https://doi.org/10.1089/gtmb.2017.0250
https://doi.org/10.1089/gtmb.2017.0250
https://doi.org/10.1007/s00439-009-0741-7
http://refhub.elsevier.com/S1567-1348(18)30761-5/rf0230
http://refhub.elsevier.com/S1567-1348(18)30761-5/rf0230
https://doi.org/10.1111/j.1399-0039.2012.01958.x
https://doi.org/10.1111/j.1399-0039.2012.01958.x
https://doi.org/10.18632/oncotarget.22996
https://doi.org/10.5588/ijtld.11.0517
https://doi.org/10.5588/ijtld.11.0517
http://refhub.elsevier.com/S1567-1348(18)30761-5/rf0250
http://refhub.elsevier.com/S1567-1348(18)30761-5/rf0250
http://refhub.elsevier.com/S1567-1348(18)30761-5/rf0250

	Genetic variation in TLR pathway and the risk of pulmonary tuberculosis in a Moldavian population
	Introduction
	Materials and methods
	Samples
	SNP selection
	Genotyping and quality control
	Statistical analysis

	Results
	Characterization of the data set
	Single SNP analysis
	Stratification by sex and age-of-onset
	Haplotype analysis

	Discussion
	Conclusions
	Authors' contributions
	Conflict of interests
	Funding
	Acknowledgements
	References




