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Abstract

Background

Dysfunctional innate responses of alveolar macrophages to nontypeable Haemophilus
influenzae, Moraxella catarrhalis and Streptococcus pneumoniae contribute to morbidity in
chronic obstructive pulmonary disease (COPD). Our earlier studies discovered impaired
COPD alveolar macrophage responses to Toll-like receptor (TLR) ligands of nontypeable
H. influenzae and provide rationale for further evaluation of TLR signaling. While the role of
TLR single nucleotide polymorphisms is increasingly recognized in inflammatory diseases,
TLR single nucleotide polymorphisms in COPD have only recently been explored. We
hypothesized that specific TLR polymorphisms are associated with dysfunctional innate
immune COPD alveolar macrophage responses and investigated polymorphisms of TLR2
(Arg753GIn), TLR4(Thr399lle; Asp299Gly), and TLR9(T1486C; T1237C).

Methods

DNA was purified from cells of 1) healthy nonsmokers (n = 20); 2) COPD ex-smokers (n =
83); 3) COPD active smokers (n = 93). DNA amplifications (polymerase chain reaction)
were performed for each SNP. Alveolar macrophages from each group were incubated with
nontypeable H. influenzae, M. catarrhalis and S. pneumoniae. Cytokine induction of macro-
phage supernatants was measured and the association with TLR single nucleotide poly-
morphism expression was determined.

Results

No significant inter-group differences in frequency of any TLR SNP existed. However both
TLRO single nucleotide polymorphisms were expressed in high frequency. Among COPD
ex-smokers, diminished IL-8 responsiveness to nontypeable H. influenzae, M. catarrhalis
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and S. pneumoniae was strongly associated with carriage of TLR9(T1237C) (p = 0.02;
p =0.008; p =0.02), but not TLR9(T1486C). Carriage of TLR9(T1237C), but not TLR9
(T1486C), correlated with diminished FEV%predicted (p = 0.037).

Conclusion

Our results demonstrate a notable association of TLR9(T1237C) expression with dysfunc-
tional innate alveolar macrophage responses to respiratory pathogens and with severity of
COPD.

Introduction

Bacterial colonization of the airways in COPD has a dynamic interaction with host immune
factors that is tied to advancement of disease [1,2]. Once initiated, chronic inflammation and
impaired immunologic responses may fail to clear bacteria of lower airways and promote pro-
gression of COPD [3,4]. Alveolar macrophages in COPD have strikingly dysfunctional
responses to TLR2 and TLR4 ligands of nontypeable H. influenzae (NTHI), as well as impaired
phagocytosis of NTHI [5,6].

Recent studies indicate that phagocytic impairment of COPD alveolar macrophages is not
limited to NTHI, but extends to M. catarrhalis (MC), yet not to inert particles, demonstrating a
pathogen-associated molecular pattern (PAMP)-mediated, complement-independent defect [7].
Alveolar macrophages of COPD active smokers also had diminished phagocytosis. However,
they had less impairment of pathogen-mediated IL-8 induction than alveolar macrophages of
COPD ex-smokers. There was a direct correlation between the severity of COPD and the degree
of impaired alveolar macrophage phagocytosis for both NTHI and MC. Yet, impaired pathogen-
mediated IL-8 induction correlated with a propensity toward COPD exacerbations [8]. Collec-
tively, these studies support a hypothesis that dysfunctional alveolar macrophage responses
toward respiratory pathogens contribute to chronic airway persistence of bacteria and to decline
of function in COPD. Although our investigations have revealed the importance of PAMP recog-
nition and complement-independence, underlying host factors have only been partly explored.

Impaired COPD alveolar macrophage responses to TLR2 and TLR4 ligands [9,10] provide
rationale for further evaluation of TLR signaling. Polymorphisms of TLRs in humans [9,11] may
result in diminished inflammation and increased susceptibility to Gram-negative infections
[9,11]. For example, healthy volunteers, heterozygous for TLR4 SNPs, had lower systemic inflam-
matory responses to inhaled LPS than did wildtype counterparts [12,13]. Attenuated receptor sig-
naling through TLR SNPs may affect a broad range of diverse biologic conditions [11,14].

Recent study has begun to focus on the potential contribution of TLR polymorphisms to
pulmonary diseases. Associations of TLR SNPs have been sought, not only with COPD [15-
17], but with a variety of respiratory conditions [18-20]. We hypothesized that select TLR
polymorphisms are associated with dysfunctional innate alveolar macrophage responses in
COPD and performed experiments to test this hypothesis.

Materials and Methods
Ethics statement

All procedures received approval from the Veterans Affairs Western New York Institutional
Review Board. Written informed consent was obtained from all volunteers.
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Recruitment of subjects

Volunteers were screened for inclusion into: Group 1: nonCOPD nonsmokers; Group 2: ex-
smokers with COPD; Group 3: active smokers with COPD. All participants were over 30 years
of age and underwent clinical assessment, routine spirometry and chest x-rays. Ex-smokers
and healthy nonsmokers had expired breath carbon monoxide of <0.02ppm (Vitalograph
Breath CO Monitor, Lenexa, KS). No participants were taking systemic steroids or antibiotics.

For COPD participants, exclusion criteria included a forced expiratory volume at one sec-
ond (FEV;) <35%, hypercapnia and co-morbid diseases that would render bronchoscopy
unsafe. Inclusion criteria were: 1) chronic bronchitis by history and/or emphysema by chest x-
ray or CT; 2) absence of other lung disease, including asthma and bronchiectasis, based on clin-
ical evaluation; 3) chest x-ray findings that were normal or compatible with COPD, but
detected no other disease; 4) FEV/FVC ratio below the 95% lower confidence limit of normal
on spirometry; 5) non-atopic by history; 6) no antibiotic or systemic steroid use for four weeks
preceding enrollment. Healthy non-smokers had never smoked and met all inclusion criteria
of the COPD group, except #1 and #4 (above) [5].

Purification of human alveolar macrophages

Participants underwent bronchoalveolar lavage (BAL) to obtain alveolar macrophages, which
were purified by density gradient centrifugation and plated, as previously detailed [5,6]. After
incubation, non-adherent cells were removed. Remaining alveolar macrophages were 98-100%
esterase-positive and 88-90% viable. Percent viability of alveolar macrophages (mean+SEM),
by trypan blue exclusion, was 89.1+1.2, 88.7+0.9 and 89.6+.7 for Groups 1, 2 and 3 respectively
(p>0.1).

DNA isolation

Polymerase chain reaction (PCR) analysis of gene mutations was performed on sterile 10 ml.
venous blood samples, from each participant. Genomic DNA was isolated using commercially
available reagents (Wizard genomic DNA purification kit, Promega Corp., Madison WI).

Determination of TLR polymorphisms. SNPs of each DNA sample were determined by
PCR-based restriction fragment length polymorphism (RFLP). PCR was carried out in a 25-30
ul mixture containing 1 ug of genomic DNA, Go Taq Green Master Mix (400uM of dATP,
dCTP, dTTP, dGTP, Taq polymerase, 3mM MgCl,; Promega Corp., Madison WI) and 1ul
each of 0.1uM primer (Sigma Chemical Co., St. Louis MO), detailed on Table 1. PCR was
performed in a thermocycler with denaturation and annealing steps, varied for each TLR poly-
morphism following published methods [21-23]. 3ul of PCR products were digested overnight
and mixed with 7ul of restriction enzyme (New England Biolabs Inc., Ipswich, MA) for each
(Table 1). 10 ul of PCR product was loaded on agarose gels, varied for each TLR polymorphism
according to published methods [24-26] including 1ul loading buffer (EMD Chemicals, San
Diego, CA) (Fig 1). Representative patient samples are shown in each lane of each panel of Fig
1. DNA quantity was insufficient for analysis for some samples of each group. For clarity, each
SNP designation is also provided in Table 1 as given in the public single-nucleotide polymor-
phism database (dbSNP).

Macrophage-bacteria incubation

To establish the proinflammatory effect of individual respiratory pathogens, each donor’s alve-
olar macrophages were inoculated with: nontypeable Haemophilus influenzae 11P6H1; Strepto-
coccus pneumoniae 25P55 and Moraxella catarrhalis 6P29B1. Details on characterization of
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Table 1. Nucleotide sequences of synthetic oligonucleotides for PCR-based RFLP for single nucleotide polymorphisms.

TLR polymorphism

TLR2 (Arg753Gin) rs5743708*
TLR4 (Asp299Gily) rs4986790*
TLR (Thr399lle) rs4986791*
TLR9 (Thr1486Cys) rs5743836*
TLR9 (Thr1237Cys) rs187084*

Primer sequence PCR Product Restriction Enzymes
F: 5GGGACTTCATTCCTGCAAGT3 264bp Sfel
R: 5GGCCACTCCAGGTAGGTCTT3
F: 5’AGCATACTTAGACTACTAAATC3 188bp Ncol
R: 5GAGAGATTTGAGTTTCAATGTG3
F: 5GGTTGCTGTTCTCAAAGTGATTTTGGGAGAA3Z’ 124bp Hinfl
R: 5GGAAATCCAGATGTTCTAGTTGTTCTAAGCCS
F: 5TCCCAGCAGCAACAATTCATTAZ 499bp Afl I
R: 5CTGCTTGCAGTTGACTGTGT3
F: 5’ATGGGAGCAGAGACATAATGGS 135bp BstN1

R: 5CTGCTTGCAGTTGACTGTGT3

* SNP designation in the Single Nucleotide Polymorphism Database (dbSNP)

doi:10.1371/journal.pone.0134209.t001

bacterial strains are given in (S1 Text). Bacteria were incubated with adherent alveolar macro-
phages at a multiplicity of infection (macrophages:bacteria) of 1:200. Supernatants were har-
vested at 6 hours, and frozen for analysis of IL-8 by flow cytometry. All experiments included
control wells treated with E. coli K235 LPS (1 ug/ml) (Sigma Chemical Co., St. Louis MO) or
buffer diluents of each antigen [5,6].

Cytokine analysis

Cytokine concentrations were determined by multianalyte microsphere flow cytometry as pre-
viously detailed [5]. Samples were measured in duplicate and corrected for blank values. Final
concentrations were corrected for inter-experiment differences in macrophage numbers. Addi-
tional details on analysis are included in (S2 Text).

Statistical analysis

Demographic data were normally distributed and were analyzed with ANOVA (Fisher’s test)
for multiple comparisons. Demographic data are expressed as means + SEM (Tables 2 and 3).
Induced cytokine data among groups were not normally distributed and are reported as
median [interquartile range (IQR)], analyzed by Kruskal Wallis and Mann Whitney U rank
tests. For all comparisons, a p value of <0.05 was considered significant. To confirm whether
age, cumulative smoking and lung function were independent variables related to macrophage
cytokine induction, regression analysis was performed. Association with categorical variables
(sex, race) was analyzed by analysis of variance (ANOVA).

For all comparisons of biologic outcomes elated to any SNP, carriers of the specific poly-
morphism were compared to all non-carriers of that polymorphism.

By design, the study was a genotypic association test of the COPD subgroups. Frequencies
of all polymorphisms were tested in the control groups for consistency with Hardy-Weinberg
equilibrium via the use of the Hardy Weinberg package developed for the R statistical program-
ming environment [27]. Comparison was performed with in-sample frequencies via the exact
method due to low number of subjects with double minor alleles. Complete data is included in
(S2 Table).
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Fig 1. Single nucleotide polymorphisms of TLR’s. PCR-based RFLP’s were performed with genomic DNA from each participant. Representative agarose
gels of shown for: TLR9 (T1237C) (Panel A), TLR9 (T1486C) (Panel B), TLR4 (Thr399lle) (Panel C), TLR4 (Asp299Gly) (Panel D) and TLR2 (Arg753Gin)
(Panel E). Numbers in left margin of each gel correspond to DNA ladder base pairs. Lanes with restriction fragments for heterozygotes and homozygotes of
each SNP are distinguishable from restriction fragments for wildtypes. Representative patient samples are shown in each lane of each panel.

doi:10.1371/journal.pone.0134209.g001

Results
Recruitment of participants

Recruitment efforts enrolled 196 volunteers, including 141 men and 55 women. Group 1
(“healthy nonsmokers”) included 20 participants; Group 2 (“COPD ex-smokers”) included 83
participants; Group 3 (“COPD active smokers”) included 93 participants. Blood samples were
obtained from all participants for TLR SNP analysis. Demographic data are presented in Tables
2 and 3.

Of 196 volunteers, 116 (79 men and 37 women) met inclusion criteria to safely undergo
bronchoscopy. Demographic data for bronchoscopy participants are presented separately
(Table 3). For all participants, as well as bronchoscopy participants, group disparities existed in
spirometric parameters, cuamulative pack-years and age. Therefore, regression analyses were
used to determine the independent impact of each on immunologic outcomes.
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Frequency of TLR SNPs

To determine the relative frequency, each TLR polymorphism was statistically compared
among groups of all participants (Table 4). Single nucleotide polymorphisms for TLR2
(Arg753GIn), TLR4(Asp299Gly) and TLR4(Thr3991le) were present in relative low frequency
in all groups. Incidence of TLR polymorphisms by genotype is also given for TLR9(T1237C)
and for TLR9(T1486C), as well as polymorphism frequency defined by minor allele frequency
(S3 Table). Incidence and frequency for TLR2 and TLR4 SNPs is also in S4 Table. Our popula-
tion had no homozygous minor alleles for TLR2(Arg753Gln) and TLR4(Asp299Gly) for any
groups and only two donors homozygous for minor alleles for TLR4(Thr3991le).

Polymorphisms for both TLR9 SNPs were present in higher frequency. TLR9(T1237C) was
expressed in 25% of healthy nonsmokers, 28.4% of COPD ex-smokers and 41.9% of COPD
active smokers (Table 4). TLR9(T1486C) was expressed in 63.2% of nonsmokers, 60.8% of
COPD ex-smokers and 55.4% of COPD active smokers. Eleven (8.9%) participants with TLR9
(T1237C) and 23 (22.5%) with TLR9(T1486C) were heterozygous. No TLR SNPs had signifi-
cantly greater carriage in any group including when COPD active and ex-smokers were com-
bined and compared with healthy controls. Comparable statistical associations were
determined among individuals of each group undergoing bronchoscopy (Table 5). All SNPs
among control observations were within Hardy-Weinberg equilibrium (S2 Table).

Association of TLR SNPs with IL-8 induction

To investigate the potential contribution of each TLR SNP to impaired innate immune
responses of alveolar macrophages, induced IL-8 responses were compared among groups.

Table 2. Demographic characteristics: Total study participants. Data are expressed as mean+SEM.

Characteristics

Age (years), Mean + SEM
Gender, number
Male
Female
Race, number
Caucasian
African-American
Pack-years smoking Mean + SEM
FEV; (L)Mean + SEM
FEV; (% predicted)Mean + SEM
FVC (L)Mean + SEM
FVC, % predicted Mean + SEM
FEV4/FVC Mean + SEM
GOLD classification”
1

2
3
4

& p<0.05—nonsmokers vs. ex-smokers
P p<0.05—nonsmokers vs. active smoker
¢ p<0.05—ex-smokers vs. active smokers

nonCOPD COPD

Group 1, Nonsmokers, n =20 Group 2, Ex-smokers, n =83 Group 3, Active smokers, n = 93 p value

57.3%3.1 67.2+1.0 56.9+0.9 p<0.02 ¢
10 61 70 p = 0.07
10 22 23
16 75 70 p = 0.09
4 8 23
00 52.1£2.7 51.0£2.6 p<0.0001 2°
2.88+0.18 1.6420.08 1.95£0.08 p<0.006 &b
99.55+3.57 54.4612.28 61.48+2.00 p<0.03 20°
3.64+0.20 3.13+0.10 3.530.10 p<0.04 2°
98.50+3.10 81.79+2.31 87.30£1.90 p<0.02 P
80.053.0 51.21+1.70 54.44+1.27 p<0.0001 2°
% (n) % (n)
12.0% (10) 17.2% (16)
44.6% (37) 55.9% (52) p=0.14
30.1% (25) 19.4% (18)
13.2% (11) 7.5% (7)

# GOLD classification is as detailed in the Global Initiative for Chronic Obstructive Lung Disease [24].

doi:10.1371/journal.pone.0134209.t002
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Table 3. Demographic characteristics: Bronchoscopy participants. Data are expressed as mean+SEM.

nonCOPD COPD
Characteristics Group1, Nonsmokers, n =20 Group 2, Ex-smokers, n =32 Group 3, Active smokers, n = 64 p value
Age (years), Mean + SEM 57.3+3.1 64.5+1.3 56.5+1.2 p<0.02 &°
Gender, number
Male 10 23 46 p=0.16
Female 10 9 18
Race, number
Caucasian 16 30 41 p=0.02°
African-American 4 2 23
Pack-years smokingMean + SEM 0£0 54.6+4.4 48.4+3.1 p<0.0001 &P
FEV; (L)Mean + SEM 2.88+0.18 1.86+0.08 2.01+0.09 p<0.0001 &P
FEV, (% predicted)Mean + SEM 99.55+3.57 61.6412.54 64.90+2.19 p<0.0001 &P
FVC (L),Mean + SEM 3.6410.20 3.27+0.87 3.55+0.12 p>0.15
FVC, % predictedMean + SEM 98.50+3.10 83.56+3.37 90.84+2.13 p<0.05 2°
FEV/FVCMean = SEM 80.05+3.0 56.77+2.05 55.87+1.39 p<0.0001 2°
GOLD classification” % (n) % (n)
1 12.5% (4) 20.3% (13)
2 59.4% (19) 59.4% (38) p =0.55
3 28.1% (9) 20.3% (13)

& p<0.05—nonsmokers vs. COPD ex-smokers

® p<0.05—nonsmokers vs. COPD active smokers

¢ p<0.05 —COPD ex-smokers vs. COPD active smokers

# GOLD classification is as detailed in the Global Initiative for Chronic Obstructive Lung Disease [24].

doi:10.1371/journal.pone.0134209.t003

TLR2(Arg753Gln), TLR4(Asp299Gly) and TLR4(Thr3991le) polymorphisms held no signifi-
cant correlations with IL-8 induction. Although statistically significant impairment of MC-
induced IL-8 among active smokers was noted for TLR2(Arg753Gln) (p = 0.03), frequency of
this polymorphism was limited to three participants.

Table 4. Frequency of TLR polymorphisms. Frequency is shown of each TLR polymorphism (SNP) compared with wildtype (w/t) among each group of
the total study population®. Statistical p values were determined by chi-square test.

TLR SNP nonCOPD COPD
Group 1 (n = 19)? Group 2 (n = 74)° Group 3 (n = 85)° p value? p value COPD vs. nonCOPD

wit SNP wit SNP wit SNP

% (n) % (n) % (n) % (n) % (n) % (n)
TLR2 Arg753GIn  89.5 (17) 105 (2) 89.2 (66) 10.8 (8) 95.2 (80) 4.8 (4) 0.34 0.65
TLR4 Asp299Gly  94.7 (18) 5.3 (1) 93.2 (69) 6.8 (5) 92.9 (79) 7.1 (6) 0.96 0.79
TLR4 Thr399lle 94.7 (18) 5.3 (1) 93.3 (70) 6.7 (5) 94.1 (80) 5.9 (5) 0.98 0.88
TLR9 T1237C 75 (15) 25 (5) 716 (53) 284 (21)  58.1(50)  41.9(36) 0.21 0.32
TLR9 T1486C 36.8 (7) 63.2(12)  39.2(29) 60.8(45)  44.6(37)  55.4 (46) 0.53 0.88

@n = 20 for Group 1, TLR9(T1237C).

Pn = 75 for Group 2, TLR4(Thr399lle).

°n = 86 for Group 3, TLR9(T1237C); n = 83 for TLR9(T1486C); n = 84 for TLR2(Arg753GIn)
9p value for comparison of all three groups

#DNA quantity was insufficient for analysis for some members of each group

doi:10.1371/journal.pone.0134209.t004
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Table 5. Frequency of TLR polymorphisms.

Frequency is shown of each TLR polymorphism (SNP) compared with wildtype (w/t) among each group of

bronchoscopy participants. Statistical comparisons are as indicated in Table 4.

TLR SNP nonCOPD COPD
Group 1 (n =19)? Group 2 (n = 31) Group 3 (n = 62)° p value® p value COPD vs. nonCOPD

wit SNP wit SNP wit SNP

% (n) % (n) % (n) % (n) % (n) % (n)
TLR2 Arg753GIn ~ 89.5 (17) 10.5 (2) 90.3 (28) 9.7 (3) 95.2 (59) 4.8 (3) 0.57 0.53
TLR4 Asp299Gly  94.7 (18) 5.3 (1) 93.5 (29) 6.5 (2) 95.2 (60) 4.8 (3) 0.95 0.98
TLR4 Thr399lle 94.7 (18) 5.3 (1) 90.3 (28) 9.7 (3) 91.9 (57) 8.1 (5) 0.94 0.79
TLR9 T1237C 75 (15) 25 (5) 67.7(21)  323(10) 56.5(35)  43.5(27) 0.20 0.20
TLR9 T1486C 36.8 (7) 63.2 (12) 54.8(17)  452(14) 38.7(24)  61.2(38) 0.30 0.53

&n = 20 for Group 1, TLR9(T1237C).
®n = 63 for Group 3, TLR4(Asp299Gly).
°p value for comparison of all three groups

doi:10.1371/journal.pone.0134209.1005

Our study population had a higher frequency of both TLR9 SNPs, lending both to more
detailed study. For all comparisons, the wildtype for each SNP is defined as the group that did
not express the genotype of the given SNP. For example, for TLR9(T1237C), the wildtype
group consists of all those that did not express TLR9(T1237C). Among ex-smokers with
COPD, TLR9(T1237C) expression directly correlated with impaired IL-8 responsiveness of
alveolar macrophages to NTHI (p = 0.02), MC (p = 0.008) and SP (p = 0.02) compared with
wildtype expression (Fig 2, Table 6). In contrast, IL-8 responses of alveolar macrophages of
COPD ex-smokers expressing TLRI(T1486C) were not statistically different from their wild-
type counterparts (Fig 2). IL-8 responses for nonsmokers (not shown) and COPD active smok-
ers did not correlate with carriage of TLR9(T1486C) or TLR9(T'1237C) (Fig 3, Table 6). No
TLR SNPs in this study had an association with TNF-alpha responses. These data are addition-
ally arranged for each bacterial strain from all three cohorts and by log;oIL-8 values (S5 and S6
Tables).

Relationship of TLR9 SNPs with pulmonary function

To determine the relationship of TLR9 SNPs with lung function, comparison was made with
FEV,%predicted for all participants (Fig 4). FEV;%predicted was significantly diminished
among TLR9(T1237C) participants compared with wildtype (p = 0.037). In contrast, FEV;%
predicted was no different among participants with TLR9(T1486C) expression compared with
wildtype (p = 0.42). FEV,%predicted was also not statistically different for TLR2(Arg753Gln),
TLR4(Thr3991le) and TLR4(Asp299Gly) carriage compared with wildtype counterparts.

Regression analyses

Because demographic differences existed between groups (Tables 2 and 3), regression analyses
were performed to determine the independent relationship of age, cumulative smoking,

lung function (FEV;%predicted), race and sex with alveolar macrophage cytokine induction
for each group. For this analysis, a p value of <0.05 was considered significant. Tables with
complete data (p values, r* values) are included in (S1 Table). In all analyses of alveolar macro-
phages, age, cumulative smoking, lung function, race and sex were not independent determi-
nants for alveolar macrophage cytokine responses for any respiratory pathogen (p>0.05 for
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Fig 2. Association of TLR9 SNPs and bacterial induction of COPD ex-smoker alveolar macrophage IL-8. Supernatant IL-8 concentrations of alveolar

macrophages, obtained from ex-smokers with COPD, incubated with nontypeable Haemophilus influenzae 11P6H1 (Panels A), Moraxella catarrhalis

6P29B1 (Panels B) and Streptococcus pneumoniae 25P55S1 (Panels C), were measured at 6 hours. Analysis is shown for TLR9 wildtype (dark shading)
compared with TLR9 (T1237C) (light shading) on left panels. Analysis for TLR9 wildtype (dark shading) compared with TLR9 (T1486C) (striped shading) is
shown in right panels. Results are shown as box plots for each group. Each box encompasses the 25" to 75™ interquartile range, with the horizontal line in

each box representing median values. Each vertical bar encompasses the 10™ to 90" percentile ranges. Values correspond with data given in Table 6.

doi:10.1371/journal.pone.0134209.9002
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Table 6. Alveolar macrophage IL-8 (pg/ml) induction of alveolar macrophages expressing wildtype (w/t), TLR9 (T1237C) and TLR9 (T1486C). IL-8
values are expressed as median [IQR] and correspond with data of Figs 2 and 3.

Groups
wit TLR9
(T1237C)

1 7200 2190
(nonsmokers) [9532] [6189]
2 (COPD ex- 4105 1030*
smokers) [6280] [2362]
3 (COPD 4730 5400
active [7170] [8880]
smokers)

*p<0.05- TLR9 SNP vs. w/t

doi:10.1371/journal.pone.0134209.t006

mMC SP
TLR9 wit TLR9 wit TLR9 wit TLR9 wit TLR9
(T1486C) (T1237C) (T1486C) (T1237C) (T1486C)

5050 643 4225 1815 3405 4313 2005 720 1515 2050
[9171]  [9652]  [4319]  [4910] [3159] [6800]  [2040]  [1526]  [2359]  [2134]
3005 3764 4220 1125* 2400 4800 1980 438* 2160 965
[4690] [6910]  [9700]  [1876] [2967] [8673]  [4399]  [1489]  [2903  [2306]
6375 3980 5510 7650 9400 4618 3058 2400 3735 2038

[16755]  [5018]  [9915] [15090] [15317]  [8958]  [3305]  [6434]  [7032]  [3050]

each). Thus, the association of IL-8 induction was independent of demographic variables. Fur-
ther analysis also did not demonstrate an independent association of demographic variables
other than FEV,%predicted (Tables 2 and 3) with TLR9(T'1237C) carriage.

Discussion

This study is the first to identify a relationship of dysfunctional COPD innate immune
responses with a specific TLR9 polymorphism and the first to reveal a conspicuous association
between expression of TLR9(T1237C) and severity of COPD. The contribution of TLR SNPs to
human disease has only recently been explored. A major consideration has been the possibility
of attenuated responses of TLR SNPs to TLR ligands [11,12], although focus has included
enhanced susceptibility of TLR2 and TLR4 polymorphisms to a wide range of pathogens
[25,26].

Correlations with TLR polymorphisms have been established to varying degrees, for several
remarkably diverse inflammatory disease states [11,22]. Increased frequency of TLR4
(Asp299Gly) occurred in Crohn’s disease and ulcerative colitis, indicating a potential role for
deficient host-bacterial interactions underlying inflammatory bowel disease [28,29]. TLR9
(T1237C) expression also has increased prevalence in Crohn’s disease, particularly among
those with NOD2 mutations and IL23R variants [30].

Recent studies on the frequency of TLR SNPs in COPD have yielded diverse results. For
example, Sabroe et al. did not find a change in frequency of TLR4(Asp299Gly) in COPD, while
a later investigation described decreased frequency of this allele in COPD [15,17]. TLR4 poly-
morphism (rs11536889) was also associated with COPD in a Japanese population [31]. Others
have found increased frequency of TLR4(T399I) and TLR9(T'1486C) in COPD [16,18]. In con-
trast, TLR2(Arg753Gln) had no correlation with either COPD or unstable COPD [32]. These
results do not necessarily conflict with ours, as most of these studies included a larger non-
COPD group, with less diverse ethnicity than our study was designed for. Rather, our study
was designed to focus on the immunologic consequences of TLR SNPs in COPD. SNPs of the
preceding studies were neither correlated with any immune dysfunction nor with severity of
COPD.

TLR9 is the only TLR in humans that recognizes bacterial or viral single stranded DNA, dis-
criminating between increased percent of unmethylated CpG dinucleotides [33]. TLR is local-
ized in intracellular endosomal compartments where pathogen DNA must be degraded to
single stranded DNA before interacting with TLR9 [32]. CpG-DNA binding to TLR initiates
MyD88 recruitment leading to NF-kB activation [33,34]. Twenty SNPs of TLR9 have been
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Fig 3. Association of TLR9 SNPs and bacterial induction of COPD active smoker alveolar macrophage IL-8. Supernatant IL-8 concentrations of
alveolar macrophages, obtained from active smokers with COPD, incubated with the same three bacterial strains detailed in Fig 3, were measured. Shadings
for wildtype, TLR9 (T1237C), and for TLR9 (T1486C) are as detailed in Fig 2.

doi:10.1371/journal.pone.0134209.9003

described [35], of which some are expressed with relatively high frequency. For example, TLR9
(T1237C) and (A2848G) each had greater than 10% frequency among European, African and
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Fig 4. TLR9 SNPs and FEV,%predicted. Correlation of FEV,%predicted and expression of TLR9 wildtype (dark shading) compared with (T1237C) (light
shading) is shown in left panel. Correlation of FEV,%predicted and expression of TLR9 wildtype (dark shading) compared with TLR9 (T1486C) (striped
shading) is shown in right panel. Results are given for all COPD participants.

doi:10.1371/journal.pone.0134209.9004

Hispanic ethnic groups in the US [35]. Interestingly, TLR9(T1237C) was strongly associated
with asthma among European-Americans [36], yet correlated poorly with asthma among Japa-
nese. This may relate more to low level carriage of this allele among Japanese than to functional
significance [33]. Despite an association with asthma, expression of five TLR9 SNPs, including
TLRI(T1237C), failed to correlate with clinical atopy [37].

In addition, TLR9(T1237C) also had increased prevalence in allergic bronchopulmonary
aspergillosis, while TLR4(Asp299Gly) had significant association with chronic cavitary pulmo-
nary aspergillosis [19]. Expression of TLR9(T1237C) is also linked to relative risk for H. pylori-
induced premalignant gastric disease and renal disease [34,38]. Although some of these associ-
ations suggest a potentially exaggerated inflammatory response associated with the TLR9
(T1237C) allele, other studies of TLR SNPs are more consistent with the hyporesponsive profile
of alveolar macrophage inflammatory responses to bacteria pathogens that we observed in
COPD ex-smokers expressing TLR9(T1237C) [11,12]. Our findings of impaired IL-8 respon-
siveness to three separate respiratory bacteria, among TLR9(T1237C) expressers, indicates a
broad range of PAMP recognition, a characteristic of TLR function. While diminished IL-8
induction with TLR9(T1237C) was pronounced among COPD ex-smokers, it was not apparent
among active smokers. We suspect this to be due to redundancy of inflammatory mechanisms
and the immunologic potential of environmental factors such as cigarette smoke to overwhelm
this impairment, adding strong rationale for independent study of immunologic impairments
of COPD in active and ex-smokers. The association of the TLR9(T1237C) allele with signifi-
cantly lower FEV,%predicted values suggests that inability to mount a strong inflammatory
response to respiratory pathogens, as occurred with TLR9(T1237C) expression, correlates with
poorer long-term outcome. The precise significance of this association will require further
study. Although induced IL-8 values are also lower among nonsmokers (Table 6), differences
were not sufficient to achieve statistical significance. However, it is possible that with a greater
sample size, macrophage hyporesponsiveness related to this SNP might be appreciated in
groups other than COPD ex-smokers.
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Recognition of endogenous bacteria by TLRs under steady state conditions may play a role
in intestinal homeostasis, in which activation of TLRs by commensal microflora provides pro-
tection from injury [39]. Thus, if expression of specific TLR SNPs interferes with receptor-
ligand contact, interactions might lead to an aberrant immune response, as occurs in Crohn’s
disease [39]. Comparable disequilibrium between products of respiratory microflora and TLR
SNPs in individuals with COPD might well underlie impaired innate immune dysfunction,
leading to aberrant macrophage responses contributing to progression of COPD.

Our identification of a specific association of TLR9(T1237C) with COPD alveolar macro-
phage dysfunction may have been assisted by the relatively high frequency expression of this
allele in our population. Nonetheless, TLR9(T1486C) had comparable relative frequency, yet
had neither an association with impaired alveolar macrophage responses nor with severity of
COPD. Thus, our findings appear pertinent to the specific polymorphism rather than to all
TLR9 SNPs. While TLR9(T1486C) may have greater relative frequency in COPD [18], our
investigation did not support a comparable immunologic role for this allele. The lower fre-
quency of expression of other TLR SNPs in our study population does not preclude the contri-
bution of other TLR polymorphisms to alveolar macrophage dysfunction in COPD. Just as
Crohn’s disease is not limited to association with one TLR SNP, the lower frequency of other
TLR SNPs in our study population does not preclude the contribution of other TLR polymor-
phisms to severity of COPD. In fact, a study of European subjects found two TLR2 SNPs to be
associated with diminished FEV |, while two others were associated with increased FEV; [40].
While this may relate to ethnic variation in our study population, it does not detract from asso-
ciations with TLR9(T1237C) in our study. Our previous findings of defective COPD macro-
phage responses to TLR2 and TLR4 ligands [5] leave open the possibility that TLR2 and TLR4
SNPs might play a role in this setting, but may not have been present in high enough frequency
in our study to determine an association.

In sum, our findings support a role for the TLR9(T1237C) allele as one component underly-
ing dysfunctional innate immune responses of alveolar macrophages and progression of dis-
ease in COPD.

Supporting Information

S1 Text. Bacterial strains.
(DOC)

$2 Text. Cytokine analysis.
(DOC)

S1 Table. Regression analysis tables.
(DOC)

S2 Table. SNP variance from Hardy-Weinberg equilibrium.
(DOCX)

S3 Table. Incidence of TLR9 polymorphisms by genotype.
(DOC)

$4 Table. Incidence of TLR2 and 4 polymorphisms by genotype.
(DOC)

S5 Table. Alveolar macrophage IL-8 (pg/ml) induction of alveolar macrophages expressing
wildtype (w/t), TLR9 (T1237C) and TLR9 (T1486C).
(DOC)

PLOS ONE | DOI:10.1371/journal.pone.0134209 September 11,2015 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s007

@’PLOS ‘ ONE

TLR9 Polymorphisms in COPD

S6 Table. Alveolar macrophage log;, IL-8 (pg/ml) induction of alveolar macrophages
expressing wildtype (w/t), TLR9 (T1237C) and TLR9 (T1486C).
(DOC)

Acknowledgments

The authors are grateful for scientific advice offered by Timothy F. Murphy, M.D. and for assis-
tance with biostatistics provided by David Tritchler, Ph.D. This manuscript is dedicated to the
memory to our colleague, Jane Maloney, without whom this work would not have been
possible.

Author Contributions

Conceived and designed the experiments: CSB SS. Performed the experiments: CSB RLK CTW
SS. Analyzed the data: CSB RLK CTW MJM SS. Contributed reagents/materials/analysis tools:
CSB RLK CTW MJM SS. Wrote the paper: CSB RLK CTW MJM SS.

References

1. Wilkinson TM, Patel IS, Wilks M, Donaldson GC, Wedzicha JA. Airway bacterial load and FEV1 decline
in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2003; 167: 1090—
1095. PMID: 12684248

2. Hill AT, Campbell EJ, Hill SL, Bayley DL, Stockley RA. Association between airway bacterial load and
markers of airway inflammation in patients with stable chronic bronchitis. Am J Med. 2000; 109: 288—
295. PMID: 10996579

3. Sethi S, Murphy TF. Bacterial infection in chronic obstructive pulmonary disease in 2000: a state-of-
the-art review. Clin Microbiol Rev. 2001; 14: 336—363. PMID: 11292642

4. Murphy TF. The role of bacteria in airway inflammation in exacerbations of chronic obstructive pulmo-
nary disease. Curr Opin Infect Dis. 2006; 19: 225-230. PMID: 16645482

5. Berenson CS, Wrona CT, Grove LJ, Maloney J, Garlipp MA, Wallace PK, et al. Impaired alveolar mac-
rophage response to Haemophilus antigens in chronic obstructive lung disease. Am J Resp Crit Care
Med. 2006; 174: 31—40. PMID: 16574934

6. Berenson CS, Garlipp MA, Grove LJ, Maloney J, Sethi S. Impaired phagocytosis of nontypeable Hae-
mophilus influenzae by human alveolar macrophages in chronic obstructive pulmonary disease. J Infect
Dis. 2006; 194: 1375-1384. PMID: 17054066

7. Berenson CS, Kruzel RL, Eberhardt E, Sethi S. Phagocytic dysfunction of human alveolar macro-
phages and severity of chronic obstructive pulmonary disease. J Infect Dis. 2013; 208: 2036—2045. doi:
10.10983/infdis/jit400 PMID: 23908477

8. Berenson CS, Kruzel RL, Eberhardt E, Dolnick R, Minderman H, Wallace PK, et al. Impaired innate
immune alveolar macrophage response and the predilection for COPD exacerbations. Thorax 2014;
69: 811-818. doi: 10.1136/thoraxjnl-2013-203669 PMID: 24686454

9. Shuto T, Xu H, Wang B, Han J, Kai H, Gu XX, et al. Activation of NF-kappa B by nontypeable Hemophi-
lus influenzae is mediated by toll-like receptor 2-TAK1 —dependent NIK-IKK alpha/beta-| kappa B alpha
and MKK2/6-p38 MAP kinase signaling pathways in epithelial cells. Proc Natl Acad Sci. 2001; 98:
8774-8779. PMID: 11438700

10. Berenson CS, Murphy TF, Wrona CT, Sethi S. Outer membrane protein P6 of nontypeable Haemophi-
lus influenzae is a potent and selective inducer of human macrophage proinflammatory cytokines. Infect
Immun. 2005; 73: 2728-2735. PMID: 15845475

11.  Schroeder NW, Schumann RR. Single nucleotide polymorphisms of Toll-like receptors and susceptibil-
ity to infectious disease. Lancet Infect Dis. 2005; 5: 156—-164. PMID: 15766650

12. Arbour NC, Lorenz E, Schutte BC, Zabner J, Kline JN, Jones M, et al. TLR4 mutations are associated
with endotoxin hyporesponsiveness in humans. Nature Genetics 2000; 25: 187—-191. PMID: 10835634

13. Michel O, LeVan TD, Stern D, Dentener M, Thorn J, Gnat D, et al. Systemic responsiveness to lipopoly-
saccharide and polymorphisms in the toll-like receptor 4 gene in human beings. J Allergy Clin Immunol.
2003; 112: 923—-929. PMID: 14610481

14. Schwartz DA, Cook DN. Polymorphisms of the Toll-like receptors and human disease. Clin Infect Dis.
2005; 41(Suppl 7): S403-407. PMID: 16237638

PLOS ONE | DOI:10.1371/journal.pone.0134209 September 11,2015 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134209.s008
http://www.ncbi.nlm.nih.gov/pubmed/12684248
http://www.ncbi.nlm.nih.gov/pubmed/10996579
http://www.ncbi.nlm.nih.gov/pubmed/11292642
http://www.ncbi.nlm.nih.gov/pubmed/16645482
http://www.ncbi.nlm.nih.gov/pubmed/16574934
http://www.ncbi.nlm.nih.gov/pubmed/17054066
http://dx.doi.org/10.1093/infdis/jit400
http://www.ncbi.nlm.nih.gov/pubmed/23908477
http://dx.doi.org/10.1136/thoraxjnl-2013-203669
http://www.ncbi.nlm.nih.gov/pubmed/24686454
http://www.ncbi.nlm.nih.gov/pubmed/11438700
http://www.ncbi.nlm.nih.gov/pubmed/15845475
http://www.ncbi.nlm.nih.gov/pubmed/15766650
http://www.ncbi.nlm.nih.gov/pubmed/10835634
http://www.ncbi.nlm.nih.gov/pubmed/14610481
http://www.ncbi.nlm.nih.gov/pubmed/16237638

@’PLOS ‘ ONE

TLR9 Polymorphisms in COPD

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Sabroe |, Whyte MK, Wilson AG, Dower SK, Hubbard R, Hall I. Toll-like receptor (TLR) 4 polymor-
phisms and COPD. Thorax 2004; 59: 81.

Speletas M, Merentiti V, Kostikas K, Liadaki K, Minas M, Gourgoulianis K, et al. Association of TLR4-
T399I polymorphism with chronic obstructive pulmonary disease in smokers. Clin Dev Immunol. 2014;
doi: 10.1155/2009/260286

Rohde G, Klein W, Arinir U, Hagedorn M, Duerig NT Bauer T, et al. Association of the Asp299Gly TLR4
polymorphism with COPD. Respir Med. 2006; 100: 892—-896. PMID: 16219455

Pabst S, Bradler O, Gillissen A, Nickenig G, Skowasch D, Grohe C. Toll-like receptor polymorphisms in
sarcoidosis and chronic obstructive pulmonary disease. Adv Exp Med Biol. 2013; 756: 239-245. doi:
10.1007/978-94-007-4549-0_30 PMID: 22836641

Carvalho A, Pasqualotto AC, Pitzurra L, Romani L, Denning DW, Rodrigues F. Polymorphisms in toll-
like receptor genes and susceptibility to pulmonary aspergillosis. J Infect Dis. 2008; 197: 618—-621. doi:
10.1086/526500 PMID: 18275280

Mailaparambil B, Krueger M, Heinze J, Forster J, Heinzmann A. Polymorphisms of toll like receptors in
the genetics of severe RSV associated diseases. Dis Markers 2008; 25: 59-65. PMID: 18776592

Schroder NW, Hermann C, Hamann L, Gobel UB, Schumann RR. High frequency of polymorphism
Arg753Gin of the Toll-like receptor-2 gene detected by a novel allele-specific PCR. J Mol Med. 2003;
81:368-372. PMID: 12743710

Folwaczny M, Gals J, Torok HP, Limbersky O, Folwaczny C. Toll-like receptor (TLR) 2 and 4 mutations
in periodontal disease. Clin Exp Immunol. 2004; 135: 330-335. PMID: 14738464

Hamann L, Hamprecht A, Gomma A, Schumann RR. Rapid and inexpensive real-time PCR for geno-
typing functional polymorphisms with the Toll-like receptor -2, -4, and -9 genes. J Immunol Methods
2004; 285: 281-291. PMID: 14980441

Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive pulmonary disease. Am J Respir Crit Care Med.
2007; 176: 532-555. PMID: 17507545

Texereau J, Chiche J-D, Taylor W, Choukroun G, Comba B, Mira J-P. The importance of Toll-like
receptor 2 polymorphisms in severe infections. Clin Infect Dis. 2005; 41(Suppl 7): S408—415. PMID:
16237639

Ferwerda B, McCall MB, Verheijen K, Kullberg B-J, van der Ven AJ, van der Meer JW, Netea MG. Func-
tional consequences of toll-like receptor 4 polymorphisms. Mol Med. 2008; 14: 346-352. doi: 10.2119/
2007-00135.Ferwerda PMID: 18231573

Graffelman J. Exploring Diallelic Genetic Markers: The Hardy Weinberg Package. J Statistical Software
2015; 64: 122

Abreu MT, Fukata M, Arditi M. TLR signaling in the gut in health and disease. J Immunol. 2005; 174:
4453-4460. PMID: 15814663

Franchimont D, Vermeire S, El Housni H, Pierik M, Van Steen K, Gustot T, et al. Deficient host-bacteria
interactions in inflammatory bowel disease? The toll-like receptor (TLR)-4 Asp299gly polymorphism is
associated with Crohn's disease and ulcerative colitis. Gut 2004; 53: 987—992. PMID: 15194649

Torok HP, Glas J, Endres |, Tonenchi L, Teshome MY, Wetzke M, et al. Epistasis between Toll-like
receptor-9 polymorphisms and variants in NOD2 and IL23R modulates susceptibility to Crohn's dis-
ease. Am J Gastroenterol. 2009; 104: 1723-1736. doi: 10.1038/ajg.2009.184 PMID: 19455129

Ito M, Hanaoka M, Droma Y, Kobayashi N, Yasuo M, Kitaguchi Y, et al. The association of Toll-like
receptor 4 gene polymorphisms with the development of emphysema in Japanese subjects: a case
control study. BMC Res Notes 2012; 18;5:36. doi: 10.1186/1756-0500-5-36

Pabst S, Yenice V, Lennarz M, Tuleta I, Nickenig G, Gillissen A, et al. Toll-like receptor 2 gene polymor-
phisms Arg677Trp and Arg753Gin in chronic obstructive pulmonary disease. Lung 2009; 187: 173—
178.

Vollmer J. TLR9 in health and disease. Int Rev Immunol. 2006; 25: 155-181. PMID: 16818370

Ng MT, van’t Hof R, Crockett JC, Hope ME, Berry S, Thomson J, et al. Increase in NF-kB binding affinity
of the variant C allele of the toll-like receptor 9 -1237T/C polymorphism is associated with Helicobacter
pylori-induced gastric disease. Infect Immun. 2010; 78: 1345—-1352. doi: 10.1128/IA1.01226-09 PMID:
20038537

Lazarus R, Klimecki WT, Raby BA, Vercelli D, Palmer LJ, Kwiatkowski DJ, et al. Single-nucleotide poly-
morphisms in the Toll-like receptor 9 gene (TLR9): frequencies, pairwise linkage disequilibrium, and
haplotypes in three U.S. ethnic groups and exploratory case-control disease association studies. Geno-
mics 2003; 81: 85-91. PMID: 12573264

PLOS ONE | DOI:10.1371/journal.pone.0134209 September 11,2015 15/16


http://dx.doi.org/10.1155/2009/260286
http://www.ncbi.nlm.nih.gov/pubmed/16219455
http://dx.doi.org/10.1007/978-94-007-4549-0_30
http://www.ncbi.nlm.nih.gov/pubmed/22836641
http://dx.doi.org/10.1086/526500
http://www.ncbi.nlm.nih.gov/pubmed/18275280
http://www.ncbi.nlm.nih.gov/pubmed/18776592
http://www.ncbi.nlm.nih.gov/pubmed/12743710
http://www.ncbi.nlm.nih.gov/pubmed/14738464
http://www.ncbi.nlm.nih.gov/pubmed/14980441
http://www.ncbi.nlm.nih.gov/pubmed/17507545
http://www.ncbi.nlm.nih.gov/pubmed/16237639
http://dx.doi.org/10.2119/2007-00135.Ferwerda
http://dx.doi.org/10.2119/2007-00135.Ferwerda
http://www.ncbi.nlm.nih.gov/pubmed/18231573
http://www.ncbi.nlm.nih.gov/pubmed/15814663
http://www.ncbi.nlm.nih.gov/pubmed/15194649
http://dx.doi.org/10.1038/ajg.2009.184
http://www.ncbi.nlm.nih.gov/pubmed/19455129
http://dx.doi.org/10.1186/1756-0500-5-36
http://www.ncbi.nlm.nih.gov/pubmed/16818370
http://dx.doi.org/10.1128/IAI.01226-09
http://www.ncbi.nlm.nih.gov/pubmed/20038537
http://www.ncbi.nlm.nih.gov/pubmed/12573264

@’PLOS ‘ ONE

TLR9 Polymorphisms in COPD

36.

37.

38.

39.

40.

Noguchi E, Nishimura F, Fukai H, Kim J, Ichikawa K, Shibasaki M, et al. An association study of asthma
and total serum immunoglobin E levels for Toll-like receptor polymorphisms in a Japanese population.
Clin Exp Allergy 2004; 34: 177-183. PMID: 14987294

Berghofer B, Frommer T, Konig IR, Ziegler A, Chakraborty T, Bein G, et al. Common human Toll-like
receptor 9 polymorphisms and haplotypes: association with atopy and functional relevance. Clin Exp
Allergy 2005; 35: 1147—1154. PMID: 16164440

Yang HY, LuKC, Lee HS, Huang SM, Lin YF, Wu CC, et al. Role of the functional Toll-like receptor-9
promoter polymorphism (-T1237T/C) in increased risk of end-stage renal disease: a case control study.
PLoS One 2013; 8: €58444. doi: 10.1371/journal.pone.0058444 PMID: 23472199

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition of commensal
microflora by toll-like receptors is required for intestinal homeostasis. Cell 2004; 118: 229-241. PMID:
15260992

Budulac SE, Boezen HM, Hiemstra PS, Lapperre TS, Vonk JM, Timens W, et al. Toll-like receptor
(TLR2 and TLR4) polymorphisms and chronic obstructive pulmonary disease. PLoS One 2012; 7:
e43124. doi: 10.1371/journal.pone.0043124 PMID: 22952638

PLOS ONE | DOI:10.1371/journal.pone.0134209 September 11,2015 16/16


http://www.ncbi.nlm.nih.gov/pubmed/14987294
http://www.ncbi.nlm.nih.gov/pubmed/16164440
http://dx.doi.org/10.1371/journal.pone.0058444
http://www.ncbi.nlm.nih.gov/pubmed/23472199
http://www.ncbi.nlm.nih.gov/pubmed/15260992
http://dx.doi.org/10.1371/journal.pone.0043124
http://www.ncbi.nlm.nih.gov/pubmed/22952638

