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Introduction: Chronic obstructive pulmonary disease (COPD) is associated with
tobacco smoking and biomass-burning smoke exposure. Toll-like receptor 4 (TLR4)
single-nucleotide polymorphisms (SNPs) may contribute to its pathogenesis. The
study aimed to assess the association of rs4986790 and rs4986791 in the TLR4 gene
in a Mexican mestizo population with COPD secondary to tobacco smoking (COPD-
TS) and biomass-burning smoke (COPD-BBS) and to evaluate whether the
genotypes of risk affect cytokine serum levels.

Materials and methods: We enrolled 2,092 participants and divided them into
two comparisons according to their environmental exposure. SNPs were
genotyped using TagMan probes. Serum cytokine levels (IL-4, IL-5, IL-6, IL-10,
and INF-y) were quantified by ELISA.

Results: The rs4986790 AA genotype in COPD-TS was associated with a higher
COPD risk (OR = 3.53). Haplotype analysis confirmed this association, identifying
a block containing the rs4986790 allele (A-C, OR = 3.11). COPD-TS exhibited
elevated IL-6, IL-4, and IL-5 levels compared with smokers without COPD
(SWOC), whereas COPD-BBS displayed higher IFN-y, IL-6, and IL-10 levels.
The AA carriers in the COPD-TS group had elevated IL-4, IL-5, and IFN-y
compared with carriers of AG or GG.

Conclusion: The rs4986790 common allele and the A—C haplotype (rs4986790—
rs4986791) were associated with a higher COPD risk in smokers; COPD patients
carrying the AA genotype showed increased pro-inflammatory cytokines.
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1 Introduction

Chronic obstructive pulmonary disease (COPD) ranks third in
terms of mortality, finding a higher prevalence in adults over 40
years old (1). Tobacco smoking accounts for over 70% of COPD
cases in high-income countries; however, household air pollution is
another risk factor (2). Around 2.3 billion people worldwide cook
using open fires or inefficient stoves fueled by biomass (wood,
animal dung, and crop waste), which generates harmful household
air pollution (3).

In Mexico, according to the PLATINO (Spanish acronym for
the Latin American Project for Research in Pulmonary
Obstruction) study, the prevalence of COPD is 7.8% in people
over 40 years of age. There is a direct relationship between
COPD and the number of packs of cigarettes smoked; the risk of
suffering from it increases if there is the consumption of more
than 10 packs per year by 15.7% (4). In rural and suburban areas
of Mexico, approximately 14.5 million people use firewood for
cooking, with women being the most affected. The Institute
National of Respiratory Diseases Ismael Cosio Villegas (INER)
in Mexico City indicates that 30% of people who suffer from
COPD are due to exposure to wood smoke; of these, 88% are
women (5).

COPD is a complex and heterogeneous lung condition
characterized by an atypical inflammatory response due to
chronic exposure to noxious particles or gases and gene-
environment interactions, leading to airflow obstruction (6, 7).
The main environmental risk factor for the development of
COPD is tobacco smoking; however, several meta-analyses
support the association of biomass-burning smoke with COPD
(8-10).

Studies on COPD by exposure to biomass smoke are scarce.
Patients with COPD moderate to severe show high levels of Thl
cytokines and chemokines (11). Increased Th17 cells in serum and
airway (12) have been reported. In addition, IL-4 and Th2 cells are
elevated in patients with eosinophilic COPD (13). However,
variants in TLR4 and COPD by exposure to biomass have not
been explored.

Toll-like receptors (TLRs) have crucial roles in initiating
innate immune responses; to date, there are 13 types (14, 15).
Multiple studies have demonstrated the importance of TLRs in
developing the inflammatory response in COPD,
predominantly TLR2, TLR4, and TLRY9 (1, 16). TLR4
principally recognizes lipopolysaccharide (LPS) from Gram-
negative bacteria and endogenous molecules from cell death
caused by oxidative stress (1, 17). Cigarette smoke and air
components, such as airborne particulate matter, can activate
TLR4 (18, 19), initiating signal transduction pathways that
culminate in the activation of transcription factors that
regulate chemokine and cytokine expression, leading to the
production of IL-1f, IL-6, IL-8, IL-10, TNF-q, and IFNs (20-
22). The serum proteomic profile of patients with COPD shows
that impaired innate immune response contributes to the
development of the disease (23). Alveolar macrophages of
COPD patients have M2 polarization characterized by the
production of Th2 cytokines (24).
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Previous research has evaluated the potential role of single-
nucleotide polymorphisms (SNPs) in TLR4 as a susceptibility
factor implicated in distinct pathologies. For instance,
rs4986790 (D299G) and rs4986791 (T399I) have been
associated with decreased responsiveness and high
susceptibility to different diseases (25-27). A murine model
determined that the presence of alleles G and T (rs4986790 and
rs4986791, respectively) in TLR4 produces hyporesponsiveness
to LPS, reduced TLR4 surface expression in vitro, and increased
sensitivity to Gram-negative and respiratory syncytial virus
(RSV) infection (27). In this context, the role of these SNPs in
the pathogenesis of COPD has been previously studied; still, the
results are unclear and inconclusive. In Greek COPD patients,
the T allele (rs4986791) was associated with an increased risk
for the development of COPD in smokers (28). Analysis of
rs4986790 in the Caucasian population showed a low frequency
of the G allele in COPD non-smoker patients (29); however, in
COPD patients with a smoking history of 210 pack years, there
was no significant association (30). The allele G of rs4986790
modifies the extracellular domain of the TLR4 receptor; these
structural changes influence the binding of ligands in region
D299G, which leads to decreased ligand recognition and
binding (31). In vitro studies suggest that the Asp299Gly/
Thr3991le haplotype affects phenotype, reducing cytokine
production by the innate immune response (32). Therefore,
this study aimed to evaluate the association of rs4986790 and
rs4986791 in TLR4 in a Mexican mestizo population with
COPD secondary to tobacco smoking (COPD-TS) and
secondary to biomass-burning smoke exposure (COPD-BBS)
and to evaluate whether the genotypes of risk affect cytokine
serum levels.

2 Materials and methods
2.1 Study population

We included 2,092 Mexican mestizo, unrelated subjects over 40
years of age and of indistinct sex, exposed to environmental risk
factors; however, not all presented the disease; this group was the
reference group because our study aimed to identify genetic variants
associated with the risk of COPD. Participants were divided into
two comparison groups based on the environmental risk factors
associated with the development of COPD, and the analysis was
done independently.

The tobacco smoking group included 379 subjects with COPD
secondary to tobacco smoking (COPD-TS) and 1,073 smokers
without COPD (SWOC); the criteria inclusion for this group
were >5 cigarettes per day (cpd) at least 10 years and no history
of exposure to biomass-burning smoke. The second comparison
group included 180 subjects with COPD secondary to biomass-
burning smoke (COPD-BBS) and 460 subjects with chronic
exposure to biomass-burning smoke without COPD (BBES) as
controls; the criteria of inclusion were exposure index to biomass-
burning smoke (BEI) =100 h/year and subjects who were
never smokers.
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All the subjects with COPD were diagnosed in the Tobacco
Smoking and COPD Research Department of the INER in Mexico
City. The diagnosis of COPD was confirmed through spirometry
from the FEV1/FVC ratio <70% after the bronchodilator
administration, taking as reference the values for Mexicans (33).

All participants signed informed consent and received a privacy
statement describing personal data protection. The protocol was
approved by the INER Research and Ethics Committee in Mexico
City (B03-23).

2.2 Blood samples and DNA isolation

From each participant, 7 mL of peripheral blood samples was
drawn in an EDTA tube as an anticoagulant. DNA was extracted
using the BDtractTM kit (Maxim Biotech Inc., San Francisco, CA,
USA) and hydrated in TE buffer (Ambion, Waltham, MA, USA).
The DNA was quantified by ultraviolet/visible light
spectrophotometry using a NanoDrop 2000 spectrophotometer
device (Thermo Scientific, Wilmington, DE, USA), considering
the 260/280 and 260/230 ratio to evaluate the purity of the
sample (1.8-2.0 and >2, respectively). Each sample was adjusted
to 15 ng/uL for subsequent genotyping.

2.3 Genotyping

The SNPs were genotyped by real-time PCR employing a
StepOnePlus Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) by allelic discrimination through predesigned
TaqMan probes for the rs4986790 (C:11722238_20) and
rs4986791 (C:11722237_20) (Applied Biosystems, Foster City,
CA, USA). The amplification reaction was performed in
MicroAmp® Optical 96-well reaction plates (Applied Biosystems;
Woolston, UK), which included 3 pL of adjusted DNA per subject.
Four non-template controls (NTC) were included as negative
controls; 5% of the sample was genotyped by duplicate-like allelic
designation control.

2.4 Cytokine level measurement

We selected 40 participants from each study group according to
genotype in rs4986790. Circulating cytokines in the serum were
quantified through ELISA. We determined the concentrations of IL-
6 (PeproTechTM, 900-M16) and IFN-y (PeproTechTM, 900-K27),
two of the most representative cytokines of the Thl immune
response; IL-4 (PeproTechTM, 900-M14) and IL-5 (PeproTechTM,
900-M15), the central cytokines of the Th2 immune response; and
IL-10 (PeproTechTM, 900-M21), the most crucial regulatory
cytokine. All procedures were conducted following the
manufacturer’s recommendations. The capture antibody was
diluted to 100 pg/mL in PBS, and 100 pL per well was placed in
an ELISA plate (Nunc MaxiSorpTM) and incubated overnight at
room temperature. Subsequently, the wells were washed with 300
uL of washing solution (0.05% Tween 20 in PBS) per well. Next, 300
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uL of blocking solution (1% BSA in PBS) was added). 100 pL of
standard or serum sample was added to each well in duplicate and
incubated at room temperature for 2 h, and then the plate was
washed three times. The detection antibody was diluted to 0.25 pg/
mL, and 100 pL was added per well and incubated at room
temperature for 2 h. After this time, the plate was rewashed three
times. Streptavidin-HRP was diluted at a 0.025-pug/mL
concentration, and 100 pL was added per well. The plate was
incubated for 30 min at room temperature. Subsequently, the
plate was washed three times. 100 pL of the substrate solution
was added to each well and incubated in the dark for development
for 20 min. The colorimetric reaction was quantified in an ELISA
plate; we read at 450 nm with wavelength correction set at 620 nm.
Finally, according to the manufacturer’s recommendations, sample
concentrations of cytokines were obtained by comparing them with
a 7-point standard curve.

2.5 Statistical analysis

The sample size calculation was realized with the Latin
American population’s minor allele frequency (MAF = 4.0)
rs4986791. The odds ratio estimated was two. We included three
controls for each case. The confidence interval was 95%, and the
statistical power was 80%. With these criteria, we need 395 COPD
and 1,185 controls in the tobacco-smoking group.

The demographic and clinical data were analyzed with SPSS
version 26.0. The Kolmogorov-Smirnov test was used to evaluate
the numerical data distributions. According to the distribution of
the variables test, the Student’s T, or Mann-Whitney U test was
performed. The categorical data were analyzed with the chi-square
(x*) and are presented as frequencies or percentages. The Hardy-
Weinberg equilibrium (HWE) was calculated for both SNPs. Alleles
and genotypes were analyzed using a contingency table using Epidat
version 3.1 (34). We used genetics models and a logistic model age,
sex, body mass index (BMI), and tobacco index (TI) or exposure
index to biomass-burning smoke (BEI) were used as covariables in
the genetic association, and we performed in Plink version 1.9 (35).
Linkage disequilibrium (LD) analysis and haplotype association
were performed in HaploView version 4.1 (36).

3 Results
3.1 Demographic and clinical data

We included 379 patients with COPD (COPD-TS) secondary to
tobacco smoking and 1,073 smokers without COPD (SWOC).
Significant differences exist in sex, age, and BMI. COPD-TS had a
higher tobacco index than SWOC (40 vs. 21, respectively, p <
0.001). 46.9% of COPD-TS was GOLD 2 (moderate) (Table 1). A
total of 180 patients with COPD secondary to biomass-burning
smoke (COPD-BBS) and 460 subjects with chronic exposure to
biomass-burning smoke without COPD (BBES) formed the control
group. Most of the group comprised women (91.6% in COPD-BBS
and 98.4% in BBES). The sex, age, and BMI were statistically
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TABLE 1 Demographic and clinical data of tobacco smoking and biomass-burning smoke groups.

Variable COPD-TS p-value COPD-BBS
(n = 379)
Sex male, n (%) 270 (71.2) 478 (44.5) <0.001* 15 (8.4) 7 (1.6) <0.001*
Age (year) 63 (57-69)* 51 (44-58) <0.001 72 (64-79)* 60 (54-70) <0.001
BMI (kg/m?) 25.3 (22.4-28.6) 269 (24.3-29.7) <0.001 262 (23.3-30.1) 283 (25.1-31.5) <0.001
TI (packs/year) 40 (26-55) 21 (12-34) <0.001 - - -
BEI (hours/year) - - - 300 (180-400) 240 (152-353) 0.003
FvC (%)b 83 (68-98) 96 (87-105) <0.001 86 (75-101) 97 (87-108) <0.001
FEV1 (%)b 56 (40.5-73) 98 (89-108) <0.001 66 (54.2-80.7) 103 (93-114) <0.001
FEV1/FVC (%)b 53.5 (41-63) 81.9 (78-85.1) <0.001 61 (51-66) 84 (79-88) <0.001
GOLD, n (%) ©
1 56 (15.0) - - 43 (26.2) - -
2 175 (46.9) - - 95 (58.0) - -
3 94 (25.2) - - 24 (14.6) - -
4 48 (12.8) - - 2(1.2) - _

Data are expressed in median (quartile 25-75). The Mann-Whitney U test determined p values*. Diagnosis age; * p-value was determined by " test; ® data post-bronchodilator; * GOLD grades
and severity of 2023 [2]. COPD-TS, subjects with COPD secondary to tobacco smoking; SWOC, smokers without COPD; COPD-BBS, subjects with COPD secondary to biomass-burning smoke;
BBES, subjects with chronic exposure to biomass-burning smoke without COPD; BMI, body mass index; T1I, Tobacco index; BEI, biomass burning smoke exposition index; FVC, forced vital

capacity; FEV1, forced expiratory volume in the first second.

significantly different. The biomass burning smoke exposure index
(BEI) was higher in the COPD-BBS group than BBES (300 vs. 240 h
per year, respectively, p = 0.003). 58% of patients with COPD by
exposure to biomass-burning smoke was GOLD 2
(moderate) (Table 1).

3.2 Genetic association analysis

For the comparison of COPD-TS and SWOC, the HWE was
met in both genetic variants (p = 0.10 and p = 0.42 for
rs4986790 and rs4986791, respectively). On the other hand, in
comparing COPD-BBS and BBES, only rs4986791 accomplishes
the HWE (p = 0.81), whereas rs4986790 does not (p = 0.003).
Analysis of tobacco smoking groups showed statistically
significant differences in both genetic variants (rs4986790 p =
2.08 x 1077, rs4986791 p = 0.031); however, after performing a
logistic regression to adjust for sex, age, BMI, and TI, only
rs4986790 remained associated with decreased risk of
developing COPD (p = 2.81 x 107>, OR = 0.27, 95% CI =
0.17-0.43). We performed a full-genotype model for rs4986790
using sex, age, BMI, and TI as covariables; the AA genotype was
associated with a high risk of COPD (p < 0.001, OR = 3.53, 95%
CI = 2.22-5.61). (Table 2).

The allele and genotype analysis for the biomass-burning smoke
groups does not show statistically significant differences
(Supplementary Table S1).

The patients of the COPD-TS and COPD-BBS groups were
divided according to their GOLD stage to analyze the severity
according to genotype. We considered GOLD 1 and 2 for a lower
severity and GOLD 3 and 4 for a higher severity; however,
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regardless of risk factor exposure, we did not find a significant
association (Supplementary Tables S2 and S3).

The haplotype association for the tobacco smoking group was
performed, and the formation of a block with high linkage
0.96) between both SNP evaluated was
observed (Figure 1A). For the biomass-burning smoke group, we

disequilibrium (D’ =

observed a block formation with moderate LD (D’ =
0.68) (Figure 1B).

The haplotype analysis between COPD-TS and SWOC
showed one block containing the common allele of rs4986790
associated with an increased risk of COPD (A-C,p=9.13 x 107%,
OR =3.11, 95% CI = 1.98-4.90). Two haplotypes were associated
with decreased risk (G-C, p = 8.81 x 1077, OR = 0.25, 95% CI =
0.13-0.47; G-T, p = 0.0295, OR = 0.46, 95% CI = 0.24-0.89). The
analysis in the biomass-burning smoke group showed one
haplotype with the common alleles of both SNP; however, we
found no significant association (A-C, p = 0.08, OR = 0.49, CI =
0.22-1.10) (Table 3).

3.3 Analysis of cytokine levels in serum

We included 40 participants from each group. The
demographic and clinical data are shown in the supplementary
material (Supplementary Table S4). In the tobacco smoking
group, significant differences were found in age (p < 0.001),
BMI (p = 0.003), and TI (p = 0.023). Meanwhile, in the biomass-
burning smoke group, significant differences were found in the
sex (p = 0.001) (Supplementary Table S4). The COPD-TS
showed high levels of IL-6 (18.9 pg/mL), IL-4 (102.9 pg/mL),
and IL-5 (55.1 pg/mL) in comparison with SWOC (13.7 pg/mL,
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TABLE 2 Allele and genotype analysis of tobacco smoking groups.

10.3389/fimmu.2024.1411408

rs4986790 e OR (95% Cl)
Alleles
A 733 (97.0) 1,517 (89.9) 3.59 (2.30-5.60)
2.81 x 107
G 23 (3.0) 171 (10.1) 0.27 (0.17-0.43)
Full-genotype
AA 356 (94.2) 686 (81.3) <0.001 3.53 (2.22-5.61)
AG 21 (5.5) 145 (17.2) <0.001 0.29 (0.18-0.47)
GG 1(03) 13 (1.5) 0.100 0.17 (0.02-1.32)
rs4986791 s 3ae) OR (95% Cl)
Alleles
C 678 (98.3) 2034 (96.6) 1.94 (1.04-3.60)
0.044
T 12 (1.7) 70 (3.3) 0.51 (0.27-0.95)
Full-genotype
cC 333 (96.5) 984 (93.5) 0.044 1.91 (1.02-3.58)
CT 12 (3.5) 66 (6.3) 0.067 0.53 (0.28-1.00)
TT 0 (0) 2(02) 0.745 1.52 (0.13-16.83)

Data are expressed in numbers (%). p° values were adjusted for age, sex, BMI, and TI. COPD-TS, patients with COPD secondary to tobacco smoking; SWOC, smokers without COPD; OR, odds

ratio; CI, confidence interval.

74.5 pg/mL, and 35.7 pg/mL, respectively, p < 0.001) (Figures 2A,
C, D; Supplementary Table S5). We did not find significant
differences in IFN-y and IL-10 (Figures 2B, E; Supplementary
Table S5). In the case of the exposure to biomass-burning smoke
groups, in the comparison of cytokine levels between COPD-BBS
and BBES, a significant difference was obtained (p < 0.001)
between the cytokine levels of IL-6 (28.3 pg/mL vs. 19.5 pg/
mL), IFN-y (35.6 pg/mL vs. 17.6 pg/mL), IL-4 (28.6 pg/mL vs.
20.2 pg/mL), and IL-5 (48.5 pg/mL vs. 29.4 pg/mL). Levels of IL-
10 do not show significant differences (Supplementary
Figures 1A-D).

We compared cytokine levels among COPD patients; the serum
of COPD-TS has higher levels of IL-4 in comparison with COPD-
BBS (102.9 pg/uL vs. 28.7 pg/uL) and the same to IFN-y (13.9 pg/uL
vs. 36.7 pg/UL, respectively); however, COPD-BBS has higher levels
of IL-6 and IL-10 concerning COPD-TS (Table 4).

Having found an association for rs4986790 in smokers with
COPD, we analyzed depending on their genotype (AA vs. AG or
GG). IL-6 did not differ statically significantly (Figure 2F).
Significant differences (p = 0.033) were observed in COPD-TS
carriers to AA, who had high IFN-y levels compared with
COPD-TS carriers of AG or GG (15.6 pg/mL vs. 12.5 pg/mL).
There are no differences in SWOC groups (Figure 2G). IL-4
showed significant differences in the comparison with the carrier
of genotype AA vs. AG or GG for patients with COPD (111.2 pg/
mL vs. 94.2 pg/mL), and the same trend was observed in SWOC
group AA vs. AG+GG (81.2 pg/mL vs. 67.8 pg/mL; p = 0.035)
(Figure 2H). Patients with COPD and carriers of the AA
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genotype had higher levels of IL-5 in comparison with the AG
or GG genotype (57.0 pg/mL vs. 34.9 pg/mL, p < 0.001), and the
SWOC group carrier of the AA genotype showed high levels of
IL-5 compared with AG or GG (44.1 pg/mL vs. 30.2 pg/mL)
(Figure 2I). Finally, IL-10 did not have significant differences
(Figure 2], Supplementary Table S6). In the case of the exposure
to biomass-burning smoke groups, the analysis of levels of
cytokines by genotype in rs4986790, we did not find
statistically significant differences (Supplementary Table S6).

4 Discussion

COPD is a complex and multifactorial lung condition whose
main environmental risk factors are tobacco smoking and exposure
to biomass-burning smoke. However, other factors influence COPD
development (37, 38). Genetic factors are also significant risk factors
that might explain the disease, prognosis, exacerbations, and even
response to therapy (37).

TLR4 in lung tissue may be activated by risk factors such as
cigarette smoking, inhaled polluted air, and infection of bacteria
and viruses (1). It upregulates the expression of inflammatory
mediators, which induces alveolar macrophages to produce many
inflammatory cytokines. This mechanism causes the neutrophils,
CD®" T lymphocytes, and other cells to participate in the
inflammatory response of COPD (39).

In the present study, we evaluate the association between two
SNPs in TLR4 and COPD between two comparison groups exposed
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Haplotype block formed by the evaluated SNPs. The color intensity corresponds to the degree of linkage disequilibrium (LD); the D’ value is shown
inside the block. (A) Haplotype plot for the tobacco-smoking group. (B) Haplotype plot for the biomass-burning smoke group.

to the two main risk factors in the Mexican population: tobacco
smoking and biomass-burning smoke. In Mexico, the smoking
prevalence in 2020 was 7.2% in women and 26.3% in men,
representing a public health problem mainly in urban areas (40).
On the other hand, it is estimated that 20% of the population uses
biomass as a principal energy source, mainly in low-income and
rural areas (41).

In the tobacco-smoking groups, we found statistically
significant differences in sex and predominance of men in
COPD-TS in comparison with SWOC. Patients with COPD
are older than SWOC (63 vs. 51 years), and the same trend for
TI (40 vs. 21 packs/years). 46.9% of COPD-TS were GOLD 2
followed by GOLD 3 (25.2%). On the other hand, the biomass-
burning smoke group was mainly composed of women (>90% in
both patients’ groups). Exposure to biomass-burning smoke has
been reported to be an important environmental risk factor
primarily associated with women using biomass as a cooking
fuel (42). More than half of the patients had GOLD 2, following
GOLD 1. Due to these differences, logistic regression was

TABLE 3 Haplotype frequencies of rs4986790 and rs4986791.

performed to adjust for sex, age, BMI, and TI or BEI in the
genetic association analysis. The primary ligand of TLR4 is LPS,
the main component of Gram-negative bacterial cell walls. It
has been shown that both the LPS contained in cigarette smoke,
in addition to damage-associated molecular patterns (DAMPS)
released by the interaction of epithelial cells with the
combustion products of cigarette or biomass-burning smoke,
can activate the TLR4 pathway and contribute to amplified
inflammatory mechanisms in the lung (1, 19, 43). Two non-
synonymous SNPs in the TLR4 gene have been previously
described, an A896G transition (rs4986790) and a C1196T
transition (rs4986791) (27, 44), which have been shown to
cause LPS hyporesponsiveness (44). These SNPs have been
associated with different infectious diseases; for example, the
GG genotype of rs4986790 has been associated with
susceptibility to infection by Helicobacter pylori (45), or the
amino acid change produced by these SNPs (Asp299Gly for
rs4986790; Thr3991le for rs4986791) results in reduced receptor
function in infection by respiratory syncytial virus (46).

Haplotype COPD-TS (%) SWOC (%) p-value OR (95% ClI)
A-C 96.8 90.3 9.13 x 10°® 3.11 (1.98-4.90)
G-C 16 6.5 8.81 x 107 0.25 (0.13-0.47)
G-T 16 32 0.0295 0.46 (0.24-0.89)

COPD-BBS (%) BBES (%) p-value OR (95% Cl)
A-C 96.8 98.4 0.08 0.49 (0.22-1.10)

COPD-TS, subjects with COPD secondary to tobacco smoking; SWOC, smokers without COPD; COPD-BBS, subjects with COPD secondary to biomass-burning smoke; BBES, subjects with
chronic exposure to biomass-burning smoke without COPD; OR, Odds ratio; 95% CI, 95% confidence interval.
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FIGURE 2

Cytokine levels compare COPD-TS (n = 40; blue) and SWOC (n = 40; red). The analysis was performed using the Mann—Whitney U or Student's t-
test, depending on the distribution. **p < 0.001; *p < 0.05. (A) IL-6; (B) IFN-y; (C) IL-4; (D) IL-5; (E) IL-10. Association among cytokine levels and
rs4986790 genotypes between COPD-TS [AA (n = 30), AG+GG (n = 10); blue] and SWOC [AA (n = 19), AG+GG (n = 21); red]. The analysis was
performed using the Kruskal—-Wallis test, and corrections were made for multiple tests using the Bonferroni method. *p < 0.05; **p < 0.001,
Bonferroni p values are presented. (F) IL-6; (G) IFN-y; (H) IL-4; (I) IL-5; (J) IL-10. COPD-TS, subjects with COPD secondary to tobacco smoking;

SWOC, smokers without COPD.

Similarly, these SNPs have also been studied in non-infectious
diseases, where the association of the rs4986790 G allele with a
lower risk of developing atherosclerosis (47). However, a
limited number of studies have described the role of these
SNP in TLR4 in the pathogenesis of COPD, and the reports
focus on Caucasian populations.

To the best of our knowledge, this is the first study evaluating
the association between rs4986790 and rs4986791 in COPD in
the Mexican population. We found that the rs4986790 (allele A)
is strongly associated (p = 2.81 x 10~°) with a high risk (OR =
3.59) of COPD secondary to tobacco smoking. The same risk
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association was found in the AA genotype and COPD (p <0.001,
OR = 3.53). In a Chinese population, the AG (rs4986790)
genotype was associated with a lower risk of COPD (OR =
0.32) (48). A Greek cohort found that individuals carrying the
C allele (rs4986791) are at increased risk of COPD secondary to
tobacco smoking (OR = 2.4) (28). Another study in a Greek
population found that the rs4986790 G allele or the rs4986791 T
allele was associated with the lower COPD stage (49). We did not
find a significant association with any SNP evaluated when
stratifying by the GOLD stage. Contradictory results exist;
however, we must analyze the study design, ancestral
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TABLE 4 Cytokine level comparison between COPD-TS and COPD-BBS.

Cytokine COPD-TS COPD-BBS p*
(pg/mL) (n = 40) (n = 40)
1L-4 102.9 (+ 21.1) 28.7 (+ 4.8) <0.001*
IL-5 55.1 (39.2-62.3) 48.5 (38.8-53.05) 0.059
IL-6 189 (17.3-22.0) | 28.35 (23.9-32.1) <0.001
IL-10 17.0 (14.4-20.5) 20.8 (19.6-24.0) <0.001
IFN-y 13.9 (12.1-17.3) 36.5 (29.6-41.9) <0.001

Data are expressed in mean (+ standard deviation) or median (quartile 25-75). The Mann-
Whitney U test determined P-values; * p-value was determined by Student’s t-test.
*Bonferroni correction. COPD-TS, subjects with COPD secondary to tobacco smoking;
COPD-BBS, subjects with COPD secondary to biomass-burning smoke.

contribution, phenotype of the disease, and smoking status
(current or former smokers).

The haplotype analysis showed that the block with high LD (D’ =
0.96) formed by common alleles in both SNPs (A-C) is associated (p
=9.13 x 10~®) with the risk of COPD secondary to smoking (OR =
3.11). Our results indicate no association between the SNP evaluated
and COPD secondary to biomass-burning smoke exposure. Likewise,
there was no association depending on the GOLD stage. However, the
association between COPD secondary to biomass-burning smoke
and SNPs in genes related to innate immune response has been
demonstrated in other studies. SNPs in genes of the HSP90 family
(GC and CC genotype of rs2070908) were associated with a decreased
risk of COPD secondary to biomass-burning smoke (OR = 0.6) (50).
This family of genes codifies chaperone proteins that participate in
protein folding and improve the detection and signaling related to
TLR2, TLR4, and TLR9 (50, 51).

For LPS recognition, TLR4 forms a heterodimer with
myeloid differentiation factor 2 (MD-2), allowing TLR4
activation (52). Once LPS recognition occurs, TLR4
oligomerizes and recruits downstream adaptors with the Toll-
interleukin-1 receptor (TIR) domain (17). TLR4 can initiate two
signaling pathways depending on the adaptor protein activated:
the MyD88-dependent pathway, which results in the activation
of transcription factor NF-kB and the production of
proinflammatory cytokines, and the TRIF-dependent pathway,
which results in the activation of transcription factor IRF3,
responsible for the transcription of type 1 interferon, and NF-
kB (53-55). The rs4986790 and rs4986791 have been associated
with TLR4 hyporesponsiveness. In the airway, epithelial cells
obtained from healthy Caucasian individuals, heterozygous for
both SNPs, showed a reduced TLR4 response to LPS stimulation
(25). In a murine model, both MyD88-dependent and TRIF-
dependent signaling pathways are affected by the presence of
homologous SNPs (D298F for rs4986790 and N397I for
rs4986791), in addition to an increased risk of infections by
Gram-negative microorganisms, influenza virus, and respiratory
syncytial virus (27).

Systemic inflammation in COPD is characterized by
immune response markers in peripheral blood, such as IL-6,
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with higher levels in COPD compared with smoking controls
(56, 57). According to a meta-analysis, serum IL-6
concentrations in healthy individuals range from 4.6 pg/mL
to 5.4 pg/mL (58). We showed in the SWOC group that levels of
IL-6 were 13.7 pg/mL, and in patients with COPD-TS, these
levels increased to 18.9 pg/mL. On the other hand, COPD-BBS
had 1.4-fold levels of IL-6 compared with BBES (28.3 pg/mL vs.
19.5 pg/mL, respectively). Despite no significant differences in
IL-6 levels, when stratified by genotype, both tobacco smoke
and exposure to biomass-burning smoke subjects show a
systemic inflammatory state.

On the other hand, patients with COPD and chronic bronchitis
have inflammatory cells increased in the bronchial submucosal
glands and mucosa of large airways. Gland-associated plasma
cells express IL-4, which likely induces glycoprotein synthesis,
promotes mucous cell hyperplasia, and, consequently, airway
mucus secretion (59). IL-4 promotes macrophage activation and
proliferation of fibroblasts and endothelial cells, increasing
inflammatory cell recruitment to the lung (60). We have shown
increased levels of IL-4 in COPD-TS and COPD-BBS. However,
exclusively for COPD-TS, carriers of risk genotype (AA) in
rs4986790 have higher values of IL-4 in comparison with patients
with AG or GG.

In smokers with no obstructive chronic bronchitis, a high
percentage of gland-associated plasma cells express the genes for
IL-4 and IL-5 (59). The sputum of patients with COPD
concentrations of IL-5 correlates with the degree of
eosinophilia (61). We show in patients with COPD higher
levels of IL-5. The COPD-TS group and carriers of the AA
genotype in rs4986790 had higher levels of IL-5 for COPD-TS
patients AG or GG genotype carriers. COPD presents distinct
inflammatory phenotypes. While neutrophils, macrophages, and
B-lymphocytes are the predominant inflammatory cell types in
some patients, a significant proportion demonstrate airway
eosinophilia (59).

IFN-y has also been associated with the development of
emphysema in mice (62). 75% of COPD patients producing IFN-
vy from their sputum cells also released IFN-y from their blood cells.
The release of IFN-y in COPD patients supported the role of the
Th1 pathway at the local and systemic levels (63). We show high
levels of IFN-y in COPD-BBS concerning BBES. However, we did
not find significant differences in the analysis by genotype. COPD-
TS and SWOC had similar levels of IFN-y, whereas in the study by
genotypes, carriers of AA had higher levels of IFN-y for AG or GG
genotype. Despite its role in inhibiting several inflammatory
pathways, we did not find differences in the IL-10 levels
regardless of the risk factor for COPD, tobacco smoking, or
smoke from burning biomass smoke (64).

TLRs participate in the adaptive immune response by activating
T cells through antigen-presenting cells to induce effector and
memory T-cell responses (55). CD*" T cells differentiate into
subsets of functional T-helper (Th) cells (Thl, Th2, Th17, Th22,
Treg), where each subset is characterized by cytokine profiles (65,
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FIGURE 3

COPD secondary to tobacco smoking, pro-inflammatory signals from TLR4 activation trigger activation of CD** Th cells, which produce high levels
of IL-4 that, in turn, cause mucus hypersecretion. On the other hand, in COPD, secondary to biomass burning, pro-inflammatory signals activate
CD** Thi cells, which produce high levels of IFN-y. IFN-y triggers the activation of macrophages, which deliver increased levels of IL-6 and
fibroblasts, contributing to further inflammation. Additionally, in patients with COPD secondary to tobacco smoking, the AA risk genotype of
rs4986790 causes an increase in IFN-y, IL-4, and IL-5 levels, which exacerbate the inflammatory response.

66). Typically, Th1/Th2 cells maintain a relatively balanced state.
However, different studies have indicated imbalances between Th1l
and Th2 in various stages of COPD (67). COPD secondary to
tobacco smoking has been typically associated with Th1/Th17
response (57).

High levels of Th2-associated cytokines in an acute
exacerbation of COPD (AECOPD) compared with stable
COPD suggest that COPD response can shift depending on
the course of the disease (67). In addition, the inflammatory
response may change depending on the environmental risk
factor associated with COPD. Patients exposed to biomass-
burning smoke present higher levels of IgE compared with
tobacco smoke exposure, suggesting a Th2 response (68). A
study in India found that the inflammatory response could vary
depending on the biomass fuel used and exposure time, with
both responses, Thl and Th2, being possible (69).

Our study is not exempt from limitations; probably one was the
sample size for the biomass-burning smoke group, which was
considerably smaller than the tobacco-smoking group. In
addition, only cytokines representative of each response were
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assessed. Our findings provide insights into added information
about COPD pathogenesis depending on genetic contribution.
This study contributes to knowledge and reinforces that COPD
presents differences depending on the risk factors to which people
are exposed. In COPD smokers, the rs4986790 AA directly affects
the levels of IFN-v, IL-4, and IL-5 that contribute to maintaining
chronic inflammation (Figure 3).

In conclusion, the rs4986790 of TLR4 (A allele and AA
genotype) and haplotype A-C (rs4986790-rs4986791) are
associated with a high risk of COPD in smokers. Patients with
COPD secondary to smoking have increased levels of IL-4
system; instead, patients with COPD secondary to biomass-
burning smoke show high levels of IFN-y, IL-6, and IL-10. The
COPD smokers carrying the AA genotype (rs4986790, TLR4)
showed high levels of IFN-vy, IL-4, and IL-5, which can
contribute to maximizing chronic inflammation compared
with patients’ carriers of genotypes AG or GG. Our study
contributes to knowledge about the contribution of genetics
in COPD and the phenotypes that differ according to exposure
to risk factors for the disease.

09 frontiersin.org


https://doi.org/10.3389/fimmu.2024.1411408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gutiérrez-Romero et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Materials. Further inquiries can be
directed to the corresponding authors. Further data can also be
found in the NCBI database, under the number: SUB13915964.

Ethics statement

The studies involving humans were approved by INER
Research and Ethics Committee in Mexico City. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

KG-R: Writing - original draft, Formal analysis, Software,
Investigation. RF-V: Writing — original draft, Funding acquisition,
Supervision, Validation. AR-V: Supervision, Validation, Writing -
review & editing. RH-Z: Writing — review & editing, Supervision,
Visualization. FF-T: Supervision, Visualization, Writing — review &
editing. RS-M: Supervision, Visualization, Writing — review & editing.
ER-M: Conceptualization, Funding acquisition, Project administration,
Software, Writing — original draft. GP: Conceptualization, Software,
Writing - original draft, Formal analysis, Methodology.

References

1. Sidletskaya K, Vitkina T, Denisenko Y. The role of toll-like receptors 2 and 4 in
the pathogenesis of chronic obstructive pulmonary disease. Int | Chron Obstruct
Pulmon Dis. (2020) 15:1481-93. doi: 10.2147/COPD.S249131

2. Chronic obstructive pulmonary disease (COPD) (2023). World Health
Organization. Available online at: https://www.who.int/news-room/fact-sheets/detail/
chronic-obstructive-pulmonary-disease-(copd) (Accessed Jun 28 2024).

3. Household air pollution (2023). World Health Organization. Available online at:
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-
health (Accessed Jun 28 2024).

4. Lopez Varela MV, Muifio A, Pérez Padilla R, Roberto Jardim J, Talamo C, Montes
de Oca M, et al. Tratamiento de la EPOC en 5 ciudades de América Latina: Estudio
PLATINO. Archivos Bronconeumologia. (2008) 44:58-64. doi: 10.1016/s1579-2129(08)
60016-6

5. Bricefio-Souza E, Falcon-Solis E, Vazquez-Madariaga C, Vidal-Rosado E,
Meéndez-Dominguez N. Analisis epidemiologico de la mortalidad por enfermedad
pulmonar obstructiva cronica en el estado de Yucatan en 2017. Neumologia y cirugia
torax. (2020) 79:31-6.

6. Agusti A, Celli BR, Criner GJ, Halpin D, Anzueto A. Global initiative for chronic
obstructive lung disease global strategy for the diagnosis, management and prevention
of chronic obstructive pulmonary disease (2023 report). Eur Respir J. (2023) 61
(4):2300239.

7. Barnes PJ, Burney PG]J, Silverman EK, Celli BR, Vestbo J, Wedzicha JA, et al.
Chronic obstructive pulmonary disease. Nat Rev Dis Primers. (2015) 1:15076.
doi: 10.1038/nrdp.2015.76

8. Hu G, Zhou Y, Tian J, Yao W, Li J, Li B, et al. Risk of COPD from exposure to
biomass smoke. Chest. (2010) 138:20-31. doi: 10.1378/chest.08-2114

9. Ortiz-Quintero B, Martinez-Espinosa I, Pérez-Padilla R. Mechanisms of lung
damage and development of COPD due to household biomass-smoke exposure:
inflammation, oxidative stress, microRNAs, and gene polymorphisms. Cells. (2022)
12:67. doi: 10.3390/cells12010067

Frontiers in Immunology

10.3389/fimmu.2024.1411408

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the allocated budget to research (HLA
Laboratory) from the Instituto Nacional de Enfermedades
Respiratorias Ismael Cosio Villegas (INER).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1411408/
full#supplementary-material

10. Kurmi OP, Semple S, Simkhada P, Smith WCS, Ayres JG. COPD and chronic
bronchitis risk of indoor air pollution from solid fuel: A systematic review and meta-
analysis. Thorax. (2010) 65:221-8. doi: 10.1136/thx.2009.124644

11. Grumelli S, Corry DB, Song L-Z, Song L, Green L, Huh J, et al. An immune basis
for lung parenchymal destruction in chronic obstructive pulmonary disease and
emphysema. PloS Med. (2004) 1:e8. doi: 10.1371/journal.pmed.0010008

12. Di Stefano A, Caramori G, Gnemmi I, Contoli M, Vicari C, Capelli A, et al. T
helper type 17-related cytokine expression is increased in the bronchial mucosa of
stable chronic obstructive pulmonary disease patients. Clin Exp Immunol. (2009)
157:316-24. doi: 10.1111/j.1365-2249.2009.03965.x

13. Cosio BG, Pérez de Llano L, Lopez Vifia A, Torrego A, Lopez-Campos JL,
Soriano JB, et al. Th-2 signature in chronic airway diseases: towards the extinction of
asthma-COPD overlap syndrome? Eur Respir J. (2017) 49:1602397. doi: 10.1183/
13993003.02397-2016

14. Hansbro PM, Haw TJ, Starkey MR, Miyake K. Toll-like receptors in COPD. Eur
Respir ]. (2017) 49:1700739. doi: 10.1183/13993003.00739-2017

15. Vijay K. Toll-like receptors in immunity and inflammatory diseases: past, present, and
future. Int Immunopharmacol. (2018) 59:391-412. doi: 10.1016/j.intimp.2018.03.002

16. Zuo L, Lucas K, Fortuna CA, Chuang C-C, Best TM. Molecular regulation of toll-
like receptors in asthma and COPD. Front Physiol. (2015) 6:312. doi: 10.3389/
fphys.2015.00312

17. Lu Y-C, Yeh W-C, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine.
(2008) 42:145-51. doi: 10.1016/j.cyt0.2008.01.006

18. Haw TJ, Starkey MR, Pavlidis S, Fricker M, Arthurs AL, Mono Nair P, et al. Toll-
like receptor 2 and 4 have opposing roles in the pathogenesis of cigarette smoke-
induced chronic obstructive pulmonary disease. Am J Physiology-Lung Cell Mol Physiol.
(2017) 314(2):1298-317. doi: 10.1152/ajplung.00154.2017

19. Silva R, Oyarzin M, Olloquequi J. Pathogenic mechanisms in chronic
obstructive pulmonary disease due to biomass smoke exposure. Archivos
Bronconeumologia (English Edition). (2015) 51:285-92. doi: 10.1016/j.arbr.2015.04.013

frontiersin.org


https://www.ncbi.nlm.nih.gov/clinvar/?term=%22HLA%20Laboratory%2C%20Instituto%20Nacional%20de%20Enfermedades%20Respiratorias%20Ismael%20Cosio%20Villegas%22[submitter]+AND+%22TLR4%22[gene]
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1411408/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1411408/full#supplementary-material
https://doi.org/10.2147/COPD.S249131
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://doi.org/10.1016/s1579-2129(08)60016-6
https://doi.org/10.1016/s1579-2129(08)60016-6
https://doi.org/10.1038/nrdp.2015.76
https://doi.org/10.1378/chest.08-2114
https://doi.org/10.3390/cells12010067
https://doi.org/10.1136/thx.2009.124644
https://doi.org/10.1371/journal.pmed.0010008
https://doi.org/10.1111/j.1365-2249.2009.03965.x
https://doi.org/10.1183/13993003.02397-2016
https://doi.org/10.1183/13993003.02397-2016
https://doi.org/10.1183/13993003.00739-2017
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.3389/fphys.2015.00312
https://doi.org/10.3389/fphys.2015.00312
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1152/ajplung.00154.2017
https://doi.org/10.1016/j.arbr.2015.04.013
https://doi.org/10.3389/fimmu.2024.1411408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gutiérrez-Romero et al.

20. Nadigel J, Préfontaine D, Baglole CJ, Maltais F, Bourbeau J, Eidelman DH, et al.
Cigarette smoke increases TLR4 and TLRY expression and induces cytokine production
from CD8+T cells in chronic obstructive pulmonary disease. Respir Res. (2011) 12:149.
doi: 10.1186/1465-9921-12-149

21. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol.
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

22. Kuzmich N, Sivak K, Chubarev V, Porozov Y, Savateeva-Lyubimova T, Peri F.
TLR4 signaling pathway modulators as potential therapeutics in inflammation and
sepsis. Vaccines (Basel). (2017) 5:34. doi: 10.3390/vaccines5040034

23. Wu S, Huang K, Chang C, Chu X, Zhang K, Li B, et al. Serum proteomic profiling
in patients with chronic obstructive pulmonary disease. Int ] Chron Obstruct Pulmon
Dis. (2023) 18:1623-35. doi: 10.2147/COPD.S413924

24. Shaykhiev R, Krause A, Salit J, Strulovici-Barel Y, Harvey BG, O'Connor TP,
et al. Smoking-dependent reprogramming of alveolar macrophage polarization:
implication for pathogenesis of chronic obstructive pulmonary disease. J Immunol.
(2009) 183:2867-83. doi: 10.4049/jimmunol.0900473

25. Arbour NC, Lorenz E, Schutte BC, Zabner J, Kline JN, Jones M, et al. TLR4
mutations are associated with endotoxin hyporesponsiveness in humans. Nat Genet.
(2000) 25:187-91. doi: 10.1038/76048

26. Schroder NW, Schumann RR. Single nucleotide polymorphisms of toll-like
receptors and susceptibility to infectious disease. Lancet Infect Dis. (2005) 5:156-64.
doi: 10.1016/S1473-3099(05)01308-3

27. Richard K, Piepenbrink KH, Shirey KA, Gopalakrishnan A, Nallar S, Prantner
DJ, et al. A mouse model of human TLR4 D299G/T3991 SNPs reveals mechanisms of
altered LPS and pathogen responses. ] Exp Med. (2021) 218:¢20200675. doi: 10.1084/
jem.20200675

28. 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. (2009) 2009:1-6. doi: 10.1155/2009/260286

29. Rohde G, Klein W, Arinir U, Hagedorn M, Duerig N, T. Bauer T, et al
Association of the ASP299GLY TLR4 polymorphism with COPD. Respir Med.
(2006) 100:892-6. doi: 10.1016/j.rmed.2005.08.018

30. 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

31. Kania KD, Hareza D, Wilczynski JR, Wilczynski M, Jarych D, Malinowski A,
et al. The toll-like receptor 4 polymorphism asp299Gly is associated with an increased
risk of ovarian cancer. Cells. (2022) 11:3137. doi: 10.3390/cells11193137

32. Ferwerda B, McCall MB, Verheijen K, Kullberg BJ, van der Ven AJ, van der Meer
JW, et al. Functional consequences of toll-like receptor 4 polymorphisms. Mol Med
(Cambridge Mass.). (2008) 14:346-52. doi: 10.1016/s1579-2129(06)60540-5

33. Pérez-Padilla R, Valdivia G, Muifio A, Lopez MV, Marquez MN, Montes de Oca
M, et al. Spirometric reference values in 5 large latin american cities for subjects aged 40
years or over. Archivos Bronconeumologia ((English Edition)). (2006) 42:317-25.
doi: 10.1016/S1579-2129(06)60540-5

34. Analise epidemioloxica de datos. Service of Epidemiology of the Direccion Xeral
de Satde Publica from “Conselleria de Sanidade” (Santiago de Compostela A Coruiia,
Spain), in: Epidat 3.1 epidemiological analysis from tabulated data (2006). Washington,
DC, USA: Unit of Health Analysis and Information Systems of the Pan-American
Health Organization (PAHO. Available online at: https://www.sergas.es/Saude-
publica/EPIDAT (Accessed 17 March 2023).

35. Purcell S, Chang C. Plink [1.9] . Available online at: www.cog-genomics.org/
plink/1.9/ (Accessed Oct 5 2023).

36. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD
and haplotype maps. Bioinformatics. (2005) 21:263-5. doi: 10.1093/bioinformatics/
bth45729

37. Cho MH, Hobbs BD, Silverman EK. Genetics of chronic obstructive pulmonary
disease: understanding the pathobiology and heterogeneity of a complex disorder.
Lancet Respir Med. (2022) 10:485-96. doi: 10.1016/52213-2600(21)00510-5

38. Agusti A, Melén E, DeMeo DL, Breyer-Kohansal R, Faner R. Pathogenesis of
chronic obstructive pulmonary disease: understanding the contributions of gene-
environment interactions across the lifespan. Lancet Respir Med. (2022) 10:512-24.
doi: 10.1016/52213-2600(21)00555-5

39. Wang P, Han X, Mo B, Huang G, Wang C. LPS enhances TLR4 expression and
IFN-y Production via the TLR4/IRAK/NF-KB signaling pathway in rat pulmonary
arterial smooth muscle cells. Mol Med Rep. (2017) 16:3111-6. doi: 10.3892/
mmr.2017.6983

40. Barrera-Nuiiez DA, Rengifo-Reina HA, Lopez-Olmedo N, Barrientos-Gutiérrez
T, Reynales-Shigematsu LM. Cambios En Los Patrones de Consumo de Alcohol y
Tabaco Antes y Durante La Pandemia de Covid-19. Ensanut 2018 y 2020. Salud Publica
Mex. (2022) 64(2):137-47. doi: 10.21149/12846

41. Comision Federal para la Proteccion contra Riesgos Sanitarios Usuarios de Lefia
En Meéxico . Available online at: https://www.gob.mx/cofepris/acciones-y-programas/
3-usuarios-de-lena-en-Mexico (Accessed 15 October 2023).

Frontiers in Immunology

10.3389/fimmu.2024.1411408

42. Salvi S, Barnes PJ. Is exposure to biomass smoke the biggest risk factor for COPD
globally? Chest. (2010) 138:3-6. doi: 10.1378/chest.10-0645

43. Bauer RN, Diaz-Sanchez D, Jaspers I. Effects of air pollutants on innate
immunity: the role of toll-like receptors and nucleotide-binding oligomerization
domain-like receptors. J Allergy Clin Immunol. (2012) 129:14-24. doi: 10.1016/
jjaci2011.11.004

44. Ohto U, Yamakawa N, Akashi-Takamura S, Miyake K, Shimizu T. Structural
analyses of human toll-like receptor 4 polymorphisms D299G and T399L. J Biol Chem.
(2012) 287:40611-7. doi: 10.1074/jbc.M112.404608

45. He W, Jiang M. TLR4 rs4986790 polymorphism confers risk to helicobacter
pylori infection in zhejiang, China and its enlightenment to nursing care. J Clin Lab
Anal. (2022) 36:¢24453. doi: 10.1002/jcla.24453

46. Tulic MK, Hurrelbrink RJ, Preéle CM, Laing IA, Upham JW, Le Souef P, et al.
TLR4 polymorphisms mediate impaired responses to respiratory syncytial virus and
lipopolysaccharide. J Immunol. (2007) 179:132-40. doi: 10.4049/jimmunol.179.1.132

47. Kiechl S, Lorenz E, Reindl M, Wiedermann CJ, Oberhollenzer F, Bonora E, et al.
Toll-like receptor 4 polymorphisms and atherogenesis. New Engl ] Med. (2002)
347:185-92. doi: 10.1056/NEJM0a012673

48. LiZ, Mao X, Liu Q, Song H, He B, Shi P, et al. Functional variations of the TLR4
gene in association with chronic obstructive pulmonary disease and pulmonary
tuberculosis. BMC Pulm Med. (2019) 19:184. doi: 10.1186/s12890-019-0939-y

49. Apostolou A, Kerenidi T, Michopoulos A, Gourgoulianis KI, Noutsias M, Germenis
AE, et al. Association between TLR2/TLR4 gene polymorphisms and COPD phenotype in a
greek cohort. Herz. (2017) 42:752-7. doi: 10.1007/500059-016-4510-9

50. Ambrocio-Ortiz E, Perez-Rubio G, Ramirez-Venegas A, Hernandez-Zenteno
Rde], Paredes-Lopez A, Sansores RH, et al. Protective role of genetic variants in HSP90
genes-complex in COPD secondary to biomass-burning smoke exposure and non-
severe COPD forms in tobacco smoking subjects. Curr Issues Mol Biol. (2021) 43:887-
99. doi: 10.3390/cimb43020063

51. Warger T, Hilf N, Rechtsteiner G, Haselmayer P, Carrick DM, Jonuleit H, et al.
Interaction of TLR2 and TLR4 ligands with the N-terminal domain of gp96 amplifies
innate and adaptive immune responses. J Biol Chem. (2006) 281:22545-53.
doi: 10.1074/jbc.M502900200

52. Chen C-Y, Kao C-L, Liu C-M. The cancer prevention, anti-inflammatory and
anti-oxidation of bioactive phytochemicals targeting the TLR4 signaling pathway. Int |
Mol Sci. (2018) 19:2729. doi: 10.3390/ijms19092729

53. Manavalan B, Basith S, Choi S. Similar structures but different roles - an updated
perspective on TLR structures. Front Physiol. (2011) 2:41. doi: 10.3389/
fphys.2011.00041

54. Zheng C, Chen J, Chu F, Zhu J, Jin T. Inflammatory role of TLR-myD88
signaling in multiple sclerosis. Front Mol Neurosci. (2020) 12:314. doi: 10.3389/
fnmol.2019.00314

55. Jin B, Sun T, Yu X-H, Yang Y-X, Yeo AET. The effects of TLR activation on T-
cell development and differentiation. Clin Dev Immunol. (2012) 2012:1-32.
doi: 10.1155/2012/836485

56. King PT. Inflammation in chronic obstructive pulmonary disease and its role in
cardiovascular disease and lung cancer. Clin Transl Med. (2015) 4:1-13. doi: 10.1186/
540169-015-0068-z

57. Barnes PJ. Inflammatory mechanisms in patients with chronic obstructive pulmonary
disease. J Allergy Clin Immunol. (2016) 138:16-27. doi: 10.1016/j.,jaci.2016.05.011

58. Said EA, Al-Reesi I, Al-Shizawi N, Jaju S, Al-Balushi MS, Koh CY, et al. Defining
IL-6 levels in healthy individuals: A meta-analysis. ] Med Virol. (2021) 93:3915-24.
doi: 10.1002/jmv.26654

59. ZhuJ, QiuY, Valobra M, Qiu S, Majumdar S, Matin D, et al. Plasma cells and IL-
4 in chronic bronchitis and chronic obstructive pulmonary disease. Am ] Respir Crit
Care Med. (2007) 175:1125-33. doi: 10.1164/rccm.200602-1610C

60. Tang W, Rong Y, Zhang H, Zhan Z, Yuan L, Ning Y, et al. The correlation
between a th1/th2 cytokines imbalance and vitamin D level in patients with early
chronic obstructive pulmonary disease (COPD), based on screening results. Front
Physiol. (2023) 14:1032786. doi: 10.3389/fphys.2023.1032786

61. Narendra DK, Hanania NA. Targeting IL-5 in COPD. Int ] Chron Obstruct
Pulmon Dis. (2019) 14:1045-51. doi: 10.2147/COPD.S155306

62. Elias JA. State of the art. Mechanistic heterogeneity in chronic obstructive
pulmonary disease: insights from transgenic mice. Proc Am Thorac Soc. (2006) 3:494-8.
doi: 10.1513/pats.200603-068MS

63. Mitra A, Vishweswaraiah S, Thimraj TA, Maheswarappa M, Krishnarao CS,
Sundararaja Lokesh K, et al. Association of elevated serum GM-CSF, IFEN-y, IL-4, and
TNF-o Concentration with tobacco smoke induced chronic obstructive pulmonary disease
in a south Indian population. Int J Inflam. (2018) 2018:1-10. doi: 10.1155/2018/2027856

64. Ogawa Y, Duru E, Ameredes B. Role of IL-10 in the resolution of airway
inflammation. Curr Mol Med. (2008) 8:437-45. doi: 10.2174/156652408785160907

65. Qin K, Xu B, Pang M, Wang H, Yu B. The functions of CD4 T-helper
lymphocytes in chronic obstructive pulmonary disease. Acta Biochim Biophys Sin
(Shanghai). (2022) 54:173-8. doi: 10.3724/abbs.2021009

frontiersin.org


https://doi.org/10.1186/1465-9921-12-149
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.3390/vaccines5040034
https://doi.org/10.2147/COPD.S413924
https://doi.org/10.4049/jimmunol.0900473
https://doi.org/10.1038/76048
https://doi.org/10.1016/S1473-3099(05)01308-3
https://doi.org/10.1084/jem.20200675
https://doi.org/10.1084/jem.20200675
https://doi.org/10.1155/2009/260286
https://doi.org/10.1016/j.rmed.2005.08.018
https://doi.org/10.1371/journal.pone.0043124
https://doi.org/10.1371/journal.pone.0043124
https://doi.org/10.3390/cells11193137
https://doi.org/10.1016/s1579-2129(06)60540-5
https://doi.org/10.1016/S1579-2129(06)60540-5
https://www.sergas.es/Saude-publica/EPIDAT
https://www.sergas.es/Saude-publica/EPIDAT
http://www.cog-genomics.org/plink/1.9/
http://www.cog-genomics.org/plink/1.9/
https://doi.org/10.1093/bioinformatics/bth45729
https://doi.org/10.1093/bioinformatics/bth45729
https://doi.org/10.1016/S2213-2600(21)00510-5
https://doi.org/10.1016/S2213-2600(21)00555-5
https://doi.org/10.3892/mmr.2017.6983
https://doi.org/10.3892/mmr.2017.6983
https://doi.org/10.21149/12846
https://www.gob.mx/cofepris/acciones-y-programas/3-usuarios-de-lena-en-Mexico
https://www.gob.mx/cofepris/acciones-y-programas/3-usuarios-de-lena-en-Mexico
https://doi.org/10.1378/chest.10-0645
https://doi.org/10.1016/j.jaci.2011.11.004
https://doi.org/10.1016/j.jaci.2011.11.004
https://doi.org/10.1074/jbc.M112.404608
https://doi.org/10.1002/jcla.24453
https://doi.org/10.4049/jimmunol.179.1.132
https://doi.org/10.1056/NEJMoa012673
https://doi.org/10.1186/s12890-019-0939-y
https://doi.org/10.1007/s00059-016-4510-9
https://doi.org/10.3390/cimb43020063
https://doi.org/10.1074/jbc.M502900200
https://doi.org/10.3390/ijms19092729
https://doi.org/10.3389/fphys.2011.00041
https://doi.org/10.3389/fphys.2011.00041
https://doi.org/10.3389/fnmol.2019.00314
https://doi.org/10.3389/fnmol.2019.00314
https://doi.org/10.1155/2012/836485
https://doi.org/10.1186/s40169-015-0068-z
https://doi.org/10.1186/s40169-015-0068-z
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1002/jmv.26654
https://doi.org/10.1164/rccm.200602-161OC
https://doi.org/10.3389/fphys.2023.1032786
https://doi.org/10.2147/COPD.S155306
https://doi.org/10.1513/pats.200603-068MS
https://doi.org/10.1155/2018/2027856
https://doi.org/10.2174/156652408785160907
https://doi.org/10.3724/abbs.2021009
https://doi.org/10.3389/fimmu.2024.1411408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gutiérrez-Romero et al.

66. Raphael I, Nalawade S, Eagar TN, Forsthuber TG. T cell subsets and their
signature cytokines in autoimmune and inflammatory diseases. Cytokine. (2015) 74:5-
17. doi: 10.1016/j.cyt0.2014.09.011

67. Jiang M, Liu H, Li Z, Wang ], Zhang F, Cao K, et al. ILC2s induce adaptive th2-
type immunity in acute exacerbation of chronic obstructive pulmonary disease.
Mediators Inflammation. (2019) 2019:1-12. doi: 10.1155/2019/3140183

Frontiers in Immunology

10.3389/fimmu.2024.1411408

68. Olloquequi J, Jaime S, Parra V, Cornejo-Cordova E, Valdivia G, Agusti A, etal
Comparative analysis of COPD associated with tobacco smoking, biomass smoke
exposure or both. Respir Res. (2018) 19:13. doi: 10.1186/s12931-018-0718-y

69. Sussan TE, Ingole V, Kim J-H, McCormick S, Negherbon J, Fallica J, et al. Source
of biomass cooking fuel determines pulmonary response to household air pollution.
Am ] Respir Cell Mol Biol. (2014) 50:538-48. doi: 10.1165/rcmb.2013-02010C

12 frontiersin.org


https://doi.org/10.1016/j.cyto.2014.09.011
https://doi.org/10.1155/2019/3140183
https://doi.org/10.1186/s12931-018-0718-y
https://doi.org/10.1165/rcmb.2013-0201OC
https://doi.org/10.3389/fimmu.2024.1411408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Altered levels of IFN-&gamma;, IL-4, and IL-5 depend on the TLR4 rs4986790 genotype in COPD smokers but not those exposed to biomass-burning smoke
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Blood samples and DNA isolation
	2.3 Genotyping
	2.4 Cytokine level measurement
	2.5 Statistical analysis

	3 Results
	3.1 Demographic and clinical data
	3.2 Genetic association analysis
	3.3 Analysis of cytokine levels in serum

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


