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Abstract

Background Genetic factors, including the Hedgehog Interacting Protein (HHIP) gene, play a crucial role in Chronic
Obstructive Pulmonary Disease (COPD) susceptibility. This study examines the association between HHIP gene
polymorphisms and COPD susceptibility, phenotypes, and serum IL-17 and IL-18 levels in a Han Chinese population.

Methods A case-control study was conducted with 300 COPD patients and 300 healthy controls in Chinese Han
population. Participants underwent genotyping for HHIP gene polymorphisms, pulmonary function tests, and
quantitative CT scans. DNA samples were sequenced using a custom chip targeting the HHIP gene. Serum IL-17 and
IL-18 levels were measured by enzyme-linked immunosorbent assay. Associations between SNPs, COPD susceptibility,
and phenotypes were analyzed using logistic and multiple linear regression models, adjusting for confounders.

Results Our study identified the rs11100865 polymorphism in the HHIP gene as significantly associated with COPD
susceptibility (OR 2.479, 95% Cl 1.527-4.024, P=2.39E-04) after screening 114 SNPs through rigorous quality control.
Stratified analyses further indicated this association was particularly in individuals aged 60 or older. Serum levels

of IL-17 and IL-18 were significantly elevated in COPD patients compared to controls, with rs11100865 showing a
notable association with IL-18 levels (B=49.654, SE=19.627, P=0.012). However, no significant associations were
observed between rs11100865 and serum IL-17 levels, COPD-related imaging parameters, or clinical phenotypes.

Conclusion This study identified a significant association between HHIP gene polymorphisms and COPD
susceptibility in a Han Chinese population, with connections to inflammation, but found no significant associations
between this SNP and COPD-related imaging or clinical phenotypes.

Trial registration www.chictr.org.cn ID: ChiCTR2300071579 2023-05-18.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a
chronic respiratory condition characterized by persistent
airflow limitation caused by airway and alveolar damage.
A 2018 survey reported that the prevalence of COPD
among individuals aged 40 and above in China was 13.7%
[1]. COPD is believed to involve interactions between
genetic, environmental, and individual factors [2-4].
Cigarette smoke is widely recognized as a primary cause
[5]. However, only about 20% of active smokers develop
the disease, and it is estimated that 25-45% of COPD
patients have never smoked [6, 7]. Besides environmen-
tal factors such as biomass exposure and occupational
hazards [8, 9], COPD exhibits familial clustering, and
the characteristics of lung function are also hereditary in
patients suggest that genetic susceptibility plays a signifi-
cant role in its pathogenesis [10, 11].

Genome-wide association studies (GWAS) are a pow-
erful tool for detecting genetic variations associated with
traits using genome-wide linkage and association meth-
ods. GWAS offers high significance standards, large sam-
ple sizes, and strong statistical power [12, 13]. The first
GWAS for COPD was published in 2009 and identified
a locus near the Hedgehog Interacting Protein (HHIP)
gene on 4q31 associated with COPD susceptibility [14].
Many countries have studied the relationship between
HHIP gene polymorphisms and COPD in different eth-
nic groups, revealing associations between HHIP single
nucleotide polymorphisms (SNPs) and COPD suscepti-
bility [15, 16]. Several studies have discovered multiple
SNPs near the HHIP gene on 4q31 that are significantly
associated with disease severity, emphysema, and lung
function [17, 18]. The HHIP gene, located at chromo-
some 4q31.21-31.3, encodes a transmembrane glycopro-
tein that is a transcriptional target of the Hedgehog (HH)
signaling pathway. The highly conserved HH signaling
pathway plays a crucial role in various physiological and
pathological processes in the lungs and other organs,
acting as a key factor in the pathway’s negative feedback
regulation [19]. Animal studies indicate that HHIP is
involved in airway development, reduces airway lumen
enlargement, improves lung compliance, and protects
cells from oxidative stress caused by environmental fac-
tors [20-22].

Inflammation is a central feature of COPD, involving
intricate cytokine networks. Among these, interleukin-17
(IL-17) and interleukin-18 (IL-18) have emerged as key
mediators. IL-17, predominantly produced by Thl7
cells, promotes neutrophil activation and recruitment,
thereby exacerbating chronic inflammation—a hall-
mark of COPD. Elevated IL-17 levels in COPD patients
correlate with disease severity and exacerbation risk,
highlighting its potential as a biomarker and therapeu-
tic target [23]. On the other hand, IL-18, known for its
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multifaceted roles in inflammatory responses, demon-
strates elevated levels in COPD patients, correlating with
worsened lung function and indicating its involvement in
disease progression [24, 25]. Recent study revealed that
genetic variation in the HHIP gene exacerbated lympho-
cytic inflammation in COPD by enhancing interaction
between lung fibroblasts and CD8* T cells, particularly
through upregulated IL-18 pathway genes, leading to
increased Interferon gamma (IFN-y) production [26].

In recent years, the number of GWAS related to COPD
has significantly decreased, and the results have varied
considerably among different ethnic groups. Most cur-
rent findings apply primarily to Caucasian populations,
and many of the loci associated with COPD, despite
showing statistical associations, lack sufficient clinical
validation. Ningxia, located in the northwest of China,
is a region primarily inhabited by Chinese Han and Hui
ethnic groups. As of 2020, the Han population reached
7.20 million. A survey conducted in 2013 indicated a
prevalence of COPD at 8.9% in Ningxia, with the preva-
lence among the Han population at 9.4%, which is higher
than the 8.0% rate observed in the Hui population [27].
To investigate the relationship between HHIP gene poly-
morphisms and COPD genetic susceptibility in a local
Han Chinese population, we conducted a case-control
study, collecting patient lung function data and quanti-
tative CT parameters. Additionally, we aimed to explore
whether these genetic susceptibility loci are associated
with COPD-related phenotypes and serum level of IL-17
and IL-18.

Methods

Study subjects

We collected COPD patients of Han Chinese ethnic-
ity who visited the outpatient departments of General
Hospital of Ningxia Medical University, Yinchuan in the
northern Ningxia Hui Autonomous Region, China. These
patients were collected between January 1, 2021, and
January 31, 2024. Additionally, Han Chinese individu-
als who underwent physical examinations at the Physi-
cal Examination Center of General Hospital of Ningxia
Medical University during the same period served as the
healthy control group. This study was approved by the
Ethics Committee of General Hospital of Ningxia Medi-
cal University, and all participants signed informed con-
sent forms. Ethical approval number: 2020—-786.

Inclusion and exclusion criteria

The inclusion criteria for the study involved patients
diagnosed with stable COPD according to the GOLD
guidelines [2], which include symptoms such as dys-
pnea, chronic cough, sputum production, wheezing,
and a history of exposure to COPD risk factors, with a
post-bronchodilator FEV1/FVC<0.70 on pulmonary
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function test. Additionally, these patients were required
to be in a stable phase of COPD with stable or mild clini-
cal symptoms for at least one month without any changes
in treatment due to symptom exacerbation and be of
Han Chinese ethnicity. The healthy control group crite-
ria included individuals with no significant abnormalities
in pulmonary function tests. Exclusion criteria encom-
passed the non-native population, lung abnormalities on
chest CT and presence of other pulmonary diseases such
as bronchiectasis, interstitial lung disease, active pulmo-
nary tuberculosis, pleural effusion, lung tumors, or a his-
tory of lung resection, as well as comorbidities like heart
failure, severe liver or kidney dysfunction, infectious dis-
eases, mental or cognitive impairment, and hearing or
communication disorders. Additionally, participants with
poor compliance, refusal to complete tests, or unwilling-
ness to participate in the study, as well as those with mul-
tiple quality control failures of DNA samples resulting in
unsuccessful genotype determination after repeated sub-
missions, were excluded.

Phenotype information collection

Data on age, gender, body mass index (BMI) and smok-
ing history were collected from all study subjects. All
subjects underwent pulmonary function tests using a
spirometer (Jaeger MasterScreen SeS, Germany), record-
ing FEV1, FVC, FEV1/FVC, and FEV1% predicted. Each
subject underwent at least two acceptable tests, with
repeated measurement differences not exceeding 0.20 L.
Multislice spiral CT (GE MEDICAL SYSTEMS, USA)
was used for scans. Prior to the scan, subjects received
breath-holding training and were positioned supine with
arms raised above the head. Scans were performed from
the thoracic inlet to the level of the adrenal glands, cover-
ing the entire lungs during deep inspiration. Scans were
reconstructed using a high-resolution algorithm with
1.25 mm slice thickness, a window width of 1200 Houn-
sfield units (HU), and a window level of -600 HU. Medi-
astinal windows were reconstructed with 1.25 mm slice
thickness, a window width of 350 HU, and a window level
of 40 HU. Images were saved in DICOM format for quan-
titative analysis. Using the 3D Slicer image computing
platform 5.61 (https://www.slicer.org/), DICOM format
files were analyzed to measure airway and emphysema
parameters [28]. The Chest Imaging Platform module’s
Airwaylnspector was used to measure airway wall area
and total airway area in the segmental bronchi of the
upper lobes and lower lobes of the left and right lungs,
calculating the airway wall area percentage (3-WA%). The
formula for airway wall area percentage is airway wall
area percentage = (airway wall area / total airway area)
x 100%. The Lung CT Analyzer module of the Chest
Imaging Platform measured the percentage low attenua-
tion area using a threshold of -950HU (%LAA_ ) in the
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lungs, defined as regions with attenuation values below
—950 HU at the end of deep inspiration.

Based on literature reports [29, 30], %LAA_y5,=>6% is
defined as emphysema; however, there is no established
standard for the 3-WA% parameter. Therefore, we cal-
culated the upper limit of normal (ULN) for bilateral
95% reference ranges using the formula: mean+1.96 x
standard deviation. Quantitative CT parameters were
then used to classify COPD imaging into four types: (1)
Airway-dominant type (A type): %LAA_y;, < 6% and
3-WA% = ULN of the control group; (2) Emphysema-
dominant type (E type): %LAA_q45, = 6% and 3-WA%
< ULN of the control group; (3) Mixed type (M type):
%BLAA_ g5 = 6% and 3-WA% = ULN of the control group;
and (4) Mild type: %LAA_ g5, < 6% and 3-WA% < ULN of
the control group. Additionally, following the GOLD and
Spanish COPD guidelines [2, 31], we classified the clini-
cal phenotypes of COPD into the following categories:
(1) Non-exacerbator (NE): patients with no more than
two acute exacerbations in the past year; (2) Exacerba-
tor with emphysema (EE): patients with more than two
acute exacerbations in the past year and %LAA o5,>6%;
(3) Exacerbator with chronic bronchitis (ECB): patients
with more than two acute exacerbations in the past year,
accompanied by symptoms of cough, sputum produc-
tion, or wheezing that persist for at least 3 months each
year for two consecutive years or longer, excluding other
diseases that could cause these symptoms. (4) Positive
bronchodilator test (PBD) phenotype was defined as an
increase in FEV1 of more than 200 mL and an increase of
more than 12% after inhaling a bronchodilator.

DNA extraction and SNPs detection

All participants in the study provided blood samples
upon obtaining informed consent. Blood samples (4 ml)
were drawn from all subjects in the early morning after
fasting and placed in EDTA anticoagulant tubes. The
samples were stored at -80 °C and will be sent for uni-
fied testing at a later stage. Peripheral blood was collected
from routine blood tests and processed for DNA extrac-
tion. Initially, blood samples were centrifuged at room
temperature at 2500 g for 10 min to separate plasma.
The blood cells were then collected into 1.5 ml EP tubes
and stored at -80 °C until DNA extraction. Before extrac-
tion, EP tubes were thawed at room temperature for at
least 15 min, and samples were thoroughly mixed. DNA
was extracted using the QIAamp DNA Mini Kits (Ger-
many). Prior to sequencing, the purity and integrity of
DNA samples were assessed. Qualified DNA samples
underwent target sequencing using a custom solution-
based chip (iGeneTech Ltd, Beijing, China) to capture
the HHIP gene. Specific probes on the chip hybridized
with the target DNA sequences, capturing and enrich-
ing the target regions. High-throughput sequencing was
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performed using the Illumina sequencing platform. The
sequencing data were aligned to the reference genome
GRCh38, and quality control measures were applied to
remove sequencing adapters and low-quality sequences.
After passing quality control, SNPs were identified, anno-
tated, and recorded in VCF files. Samples with missing
genotypes underwent resequencing for those specific
individuals. SNP data were further analyzed using PLINK
software. Quality control steps included filtering out
SNPs with a minor allele frequency (MAF) less than 0.05
and those not in Hardy-Weinberg equilibrium (HWE,
P<0.05). The relationship between genotypes and pheno-
types was then assessed using generalized linear models
in PLINK.

Stratified analysis

To investigate whether the association between COPD
susceptibility and HHIP SNP varies across specific pop-
ulations, we performed stratified analyses based on age,
sex, BMI, and smoking status. Age was stratified at 60
years, as COPD prevalence is highest in individuals aged
60 and above [2]; BMI was stratified at 24, following the
Chinese obesity-related guidelines, where a BMI>24 is
defined as overweight [32].

ELISA

Serum IL-17 levels were analyzed using The Human
IL-17 Quantikine HS ELISA Kit HS170 from R&D Sys-
tems; Serum IL-18 levels were analyzed using Human
Total IL-18/IL-1F4 Quantikine ELISA Kit from R&D
Systems. Both interleukins were analyzed according to
the protocol. We used a manually operated ELISA kit for
the measurements. To minimize experimental error, the
interleukin levels were measured twice, and we reduced
the number of testing batches as much as possible. Addi-
tionally, all measurements were conducted by the same
person to further control for variability.

Data analysis

A case-control study was conducted to statistically
describe the baseline characteristics. Continuous vari-
ables were expressed as meanz*standard deviation, and
categorical variables as percentages. The t-test was used
for comparing means between two groups with normally
distributed data, while one-way ANOVA, followed by the
Student-Newman-Keuls test, was employed for multiple
group comparisons. For comparisons against the healthy
control group, Dunnett’s t-test was used. If the data do
not meet the assumption of normal distribution, the
Kruskal-Wallis H test was applied, followed by Dunn’s
test for multiple comparisons. The chi-square test was
used to compare categorical variables, Hardy-Weinberg
equilibrium, allele frequencies, and genotypes between
groups. Binary logistic regression, adjusting for sex, age,
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BMI, smoking status, and genetic principal components,
was performed to compare allele frequencies and geno-
types. Multiple linear regression was employed to assess
the association between SNP genotype and pulmonary
function and imaging parameters, adjusting for age, sex,
and smoking history. Multivariable logistic regression,
adjusted for age, sex, BMI, and pack years, was used to
examine the association between SNP genotype and
COPD-related phenotypes. A significance threshold of
a=0.05 divided by the number of SNPs compared was
used for screening significant SNPs, while a P-value of
less than 0.05 was considered statistically significant for
all other tests. All analyses were conducted using SPSS
version 27.0 software, GraphPad Prism version 10.1.2 for
graphing, PLINK version 1.90 for sequencing data analy-
sis, LocusZoom website(http://locuszoom.sph.umich.
edu) for graphing region plot [33], G*Power Version
3.1.9.7 software for calculating statistical power.

Results

Patients selection

From January 1, 2021, to January 31, 2024, a total of 695
participants were initially enrolled in the study, with 312
patients in the COPD group and 383 healthy individuals
in the control group. 12 participants were excluded from
the COPD group due to additional lung lesions identi-
fied on CT (n=9), unquantified DNA samples (#=2), and
comorbidities meeting exclusion criteria (n=1). Similarly,
83 participants were excluded from the control group for
reasons including abnormal pulmonary function tests
(n=33), lung abnormalities on CT (#=35), lipemia (n=1),
non-native population (#=12), and comorbidities meet-
ing exclusion criteria (n=2). Ultimately, 300 participants
from each group proceeded to HHIP gene sequencing
(Fig. 1).

Characteristics of enrolled participants

The baseline characteristics of the study showed sig-
nificant differences between the COPD and control
groups. The COPD group was older (67.28 vs. 57.91
years, P<0.001), with a higher proportion of males (70%
vs. 61%, P=0.026). The COPD group had a lower BMI
(24.43 vs. 25.45 kg/m® P<0.001), a higher smoking his-
tory (13.28 vs. 4.02pack years, P<0.001). Additionally,
the COPD group had higher %LAA_ g5, (7.77% vs. 1.40%,
P<0.001) and 3-WA% (67.29% vs. 63.31%, P<0.001). In
terms of pulmonary function parameters, the control
group had an FEV1%predicted of 115.64% and an FEV1/
EVC of 80.62%. In the COPD group, after inhaling a
bronchodilator, the FEV1%predicted was 69.34% and the
FEV1/FVC was 57.28. Additionally, the CAT score for the
COPD group was 10.87+7.14, with an acute exacerbation
frequency of 1.09+1.48 over the past year. According to
GOLD classification, there were 248 patients in grades
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Study Period: January 1, 2021 - January 31, 2024
COPD Group (n=312)
Control Group (n=383)

Exclusions (n=12)
Additional Lung Lesions Identified on CT (n=9)
Unquantified DNA Samples (n=2)

Comorbidities Meeting Exclusion Criteria (n=1)

Exclusions (n=83)

Abnormal Pulmonary Function Test (n=33)
Lung Abnormalities Seen on CT (n=35)
Lipemia (n=1)

Non-native Population (n=12)

Comorbidities Meeting Exclusion Criteria (n=2)

\

Y

COPD (n=300)

Control (n=300)

Target HHIP Gene Sequencing

Fig. 1 Flow diagram of the participants exclusion process in the study. COPD chronic obstructive pulmonary disease, CT computer tomography, HHIP

Hedgehog Interacting Protein

Table 1 Characteristics of enrolled COPD patients and healthy

control

Variable COPD(n=300) Control(n=300) P
Age(years) 67.28+8.61 57.91£10.09 <0.001
Sex(%) 0.026
Male 210(70.00) 183(61.00)

Female 90(30.00) 117(39.00)

BM\(kg/mz) 2443+3.84 2545+3.40 <0.001
Pack years 13.28+19.80 4.02+9.36 <0.001
Smoking status(%) <0.001
No 171(57.00) 229(76.33)

Yes 129(43.00) 71(23.67)

PFT

FEV1%predicted(%) 69.34+19.80 /

FEV1/FVC(%) 5728+10.35 /

QcT

WLAA_ 550(%) 7.77+9.78 1404137 <0.001
3-WA%(%) 67.29£6.85 63.31£3.86 <0.001
CAT 10.87+7.14 /

Exacerbation frequency 1.09+148 /

GOLD stage(%)

GOLD 1-2 248(82.67) /

GOLD 3-4 52(17.33) /

COPD chronic obstructive pulmonary disease, PFT pulmonary function test,
FEV1 forced expiratory volume in 1's, FVC forced vital capacity, QCT quantitative
computer tomography, %LAA_o, percentage low attenuation area using
a threshold of -950 HU, WA wall area for the segmental bronchus, CAT COPD
assessment test, GOLD Global Initiative Chronic Obstructive Lung Disease

1-2, accounting for 82.67%, and 52 patients in grades
3—4, accounting for 17.33%. Detailed information is pro-
vided in Table 1.

Serum IL-17 and IL-18 in different stage of COPD patients
and healthy control

The serum levels of IL-17 and IL-18 were significantly
elevated in COPD patients compared to the 250 healthy
control group (P<0.001 for both interleukins). Specifi-
cally, IL-17 levels were highest in the GOLD 3-4 stage
COPD patients (0.78+0.25pg/mL), followed by those in
the GOLD 1-2 stage (0.68+0.24pg/mL), and were low-
est in the control group (0.21+0.04pg/mL). Similarly,
IL-18 levels were significantly higher in GOLD 3-4 stage
COPD patients (461.84+255.93pg/mL) than in GOLD
1-2 stage patients (372.84+237.98pg/mL), with the con-
trol group having the lowest levels (126.50%+72.11pg/
mL). The differences between all groups were statistically
significant. Detailed information is provided in Table 2;
Fig. 2.

Genotyping and SNPs selection

Sequencing of the HHIP gene was performed for all
study subjects, and variations were annotated based on
the reference genome (GRCh38), resulting in the iden-
tification of 789 SNP loci within the HHIP gene. After
quality control using Plink software, 671 SNPs with
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Table 2 Serum IL-17 and IL-18 in different stage of COPD
patients and healthy control

Interleu- GOLD 1-2 GOLD 3-4 Control P

kin (n=248) (n=52) (n=250)

I-17 (pg/  0.68+0.24° 0.78+0.25° 0.21+0.04¢ <0.001
mL)

I-18 (pg/ 372.84+237.98° 461.84+25593° 12650+72.11¢ <0.001
mL)

a, b, c: The lower-case letters in the superscripts indicate the results of multiple
comparisons. When rows share the same letter, the differences between their
data are not statistically significant

MAF<0.05, 3 SNPs with HWE P<0.05 and 1 multiallelic
SNP were excluded, leaving 114 SNPs for further associa-
tion analysis.

Association with COPD susceptibility

Comparing the allele frequencies of these 114 SNPs
between the COPD and healthy control groups revealed
the association between SNPs within the HHIP gene and
COPD susceptibility. Using a threshold of P=4.4E-04

A
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(P=0.05/114), rs11100865 were found to be signifi-
cantly associated with COPD susceptibility using addi-
tive genetic model adjusted by age, sex, BMI, pack years
and genetic principal components (OR 2.479, 95% CI
1.527-4.024, P=2.39E-04). Detailed results are presented
in Table 3; Fig. 3.

We further explored the relationship between
rs11100865 and COPD susceptibility under differ-
ent genetic models. The A allele is associated with an
increased risk of COPD (OR=1.607, 95% CI: 1.140-
2.266, P=0.007). In the codominant model, the GA
genotype (OR=2.787, 95% CI: 1.558-4.983, P<0.001)
and the AA genotype (OR=5.799, 95% CI: 2.171-15.489,
P<0.001) show a significant association with increased
risk. The dominant model indicates a higher risk for the
GA-AA genotype compared to GG (OR=2.455, 95% CI:
1.398-4.309, P=0.002). However, the recessive model
does not show a significant association (OR=1.636, 95%
CI: 0.847-3.159, P=0.143). All results are adjusted for

B *oKk

1.5+ 800
. % %k %k %* %
] kK
| %k %k Xk %* % 600 —
1.0+ T
E ] E
o “ )
e . £ 400
< ] 2
2 ] =
0.5+
0.0~ T T
Control GOLD 1-2 GOLD 34 Control GOLD 1-2 GOLD 34
Fig.2 Serum IL-17 and IL-18 in COPD patients and healthy control. (A) IL.-17, (B) IL-18. %, P<0.05, **, P<0.01, ***, P<0.001
Table 3 Genetic association between selected HHIP gene SNP and COPD susceptibility
SNPID Function Position Allele PrwE-ALL MAF OR(95%Cl) P
COPD Control
rs11100865 Intron Variant chr4:144729995 G>A 0.115 0493 0.380 2479 (1.527-4.024) 2.39E-04

Using additive genetic model adjusted by age, sex, BMI, pack years and genetic principal components. SNP single nucleotide polymorphism, HWE Hardy-Weinberg
Equilibrium, MAF Minor allele frequency, COPD chronic obstructive pulmonary disease, OR odds ratio, C/ confidence interval
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Fig. 3 Region plot of 114 SNPs in Hedgehog Interacting Protein gene and
their relationships with COPD susceptibility. LD linkage disequilibrium

age, sex, BMI, smoking pack years, and genetic principal
components. Detailed results are presented in Table 4.

Association between HHIP gene and COPD susceptibility
stratified by age, sex, BMI and smoking status
The stratified analysis results show varied associations
between the rs11100865 polymorphism in the HHIP
gene and COPD susceptibility across different subgroups.
All analyses were performed using binary logistic regres-
sion models adjusted for confounding factors, including
age, sex, BMI, pack-years of smoking, and genetic princi-
pal components (excluding the stratification factor itself).
In the age-stratified analysis, no significant associa-
tion was observed in individuals under 60 years old (OR
1.465, 95%CI 0.817-2.624, P=0.200). In the codominant
model, using the GG genotype as a reference, the GA
genotype was significantly associated with COPD in indi-
viduals aged 60 and above (OR 2.183, 95%CI 1.166—4.084,
P=0.015). Similarly, the AA genotype was also signifi-
cantly associated with COPD in the same age group (OR
3.398, 95%CI 1.133-10.191, P=0.029). This effect was
also observed in the dominant model (OR 2.090, 95%CI
1.125-3.883, P=0.020) and the additive model (OR 1.943,
95%CI 1.145-3.298, P=0.014). In the recessive model, no
significant association between specific genotypes and
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COPD susceptibility was found in different age strata.
Detailed results are presented in Table 5.

In the gender-stratified analysis, compared to the G
allele, the A allele was significantly associated with an
increased risk of COPD in women (OR 1.856, 95%CI
1.072-3.213, P=0.027). In the codominant model, using
the GG genotype as a reference, the GA genotype was
significantly associated with COPD in women (OR 4.200,
95%CI 1.607-10.979, P=0.003), while the AA genotype
posed a higher risk (OR 10.729, 95%CI 2.014-57.143,
P=0.005). Similar effects were observed in the domi-
nant model (OR 3.502, 95%CI 1.408-8.709, P=0.007)
and the additive model (OR 3.481, 95%CI 1.532-7.911,
P=0.003). In men, the AA genotype was associated with
a higher risk in the codominant model (OR 3.511, 95%CI
1.010-12.198, P=0.048), and the additive model also indi-
cated an increased risk (OR 1.892, 95%CI 1.022-3.503,
P=0.042). In the recessive model, no significant associa-
tion between specific genotypes and COPD susceptibility
was found across different gender strata. Detailed results
are presented in Table 6.

In the BMlI-stratified analysis, for individuals with
BMI =24, the A allele was significantly associated with an
increased risk of COPD (OR 1.815, 95%CI 1.166-2.823,
P=0.008). In the codominant model, using the GG gen-
otype as a reference, the GA genotype was significantly
associated with COPD in individuals with BMI>24 (OR
2.988, 95%CI 1.449-6.202, P=0.003); the AA genotype
was also significantly associated with COPD in this group
(OR 7.912, 95%CI 2.336-26.795, P<0.001). Similar effects
were observed in the dominant model (OR 2.625, 95%CI
1.296-5.317, P=0.007) and the additive model (OR 2.850,
95%CI 1.563-5.317, P<0.001). In the recessive model,
no significant association between specific genotypes
and COPD susceptibility was observed across different
BMI strata. Although no significant association between
rs11100865 and COPD susceptibility was observed
across different genetic models in COPD patients with
BMI<24, the statistical power calculations revealed that

Table 4 rs11100865 in HHIP gene associated with susceptibility of COPD
Model Genotype COPD(N=300) Control(N=300) OR(95% Cl) P
Allele G 304(50.67) 372(62.00) -

A 296(49.33) 228(38.00) 1.607(1.140-2.266) 0.007
Codominant GG 78(26.00) 122(40.67) -

GA 148(49.33) 128(42.67) 2.787(1.558-4.983) <0.001

AA 74(24.67) 50(16.66) 5.799(2.171-15.489) <0.001
Recessive GG-GA 226(75.33) 250(83.33) -

AA 74(24.67) 50(16.67) 1.636(0.847-3.159) 0.143
Dominant GG 78(26.00) 122(40.67) -

GA-AA 222(74.00) 178(59.33) 2.455(1.398-4.309) 0.002

Adjusted by age, sex, BMI, pack years and genetic principal components. SNP single nucleotide polymorphism, COPD chronic obstructive pulmonary disease, OR

odds ratio, C/ confidence interval
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?g - o - " ~ all statistical power values were low. Detailed results are
L o o — [oN)
Sl 2 5 o 9 presented in Table 7.
o e - - Among the 300 stable COPD patients included in the
% S S study, 129 were smokers, accounting for 43% of the total
° o ° ° < ° COPD cohort. The mean smoking pack years for smok-
g R & &84 ing COPD patients was 30.89+19.18, with a median of
& °© S o S S S 30.00 pack years. In the stratified analysis by smoking
s =8 5 s status, a significant association was observed in the non-
& Ne &8 28 smoking group between allele A and COPD susceptibil-
[oN [N O < ©
gl & b o & + ity compared to allele G (OR 1.774, 95%CI 1.187-2.651,
R = & R H & . .
Bl S sS S8 gS¢o P=0.005). In the codominant model, using the GG geno-
= $ £5 g 83 type as the reference, the GA genotype was significantly
© - oo o e associated with COPD in non-smokers (OR 3.384, 95%CI
= 1.712-6.689, P<0.001), as was the AA genotype (OR
in 7.900, 95%CI 2.517-24.801, P<0.001). Similar trends
2o cans8scf were observed in the dominant model (OR 2.940, 95%CI
£8z4g28248 1,522-5.677, P=0.001) and the additive model (OR 2.912,
1§le¥crRa®as’ 95%CI 1.655-5.123, P<0.001). No significant associa-
E _ tion was found between any specific genotype and COPD
ol % susceptibility in the recessive model across different
3 g, EIRNEROHEYR subgroups. Although no significant association between
é S 2R88238388 rs11100865 and COPD susceptibility was observed
O N O O N I N O W»n
TIYVIB® 0 = N =5 - =¥ across different genetic models in COPD patients with
5l o o w - smoking, the statistical power calculations revealed that
HE 3 N 8 & all statistical power values were low. Detailed results are
alo — o =} o .
" presented in Table 8.
o © e} o | €
— 22 — o~ N| v
. s S s S S é Association between rs11100865 and COPD phenotypes
=y % n % g %8 and serum interleukin
3 o] 2 88 I g8 g According to genotype classification, the patients were
E = g categorized into rs11100865 GG (78 cases), GA (148
3 & % g 5 38 & £ cases), and AA (74 cases), with detailed values shown in
20 T I T T9% Table 9. Using the GG genotype as the reference, no sta-
% g 8 e g o= tistically significant differences were observed in COPD
=) = = =) Z | ®
= |8 §F 55 5 S5 patients with GA or AA genotypes across age, gender,
g ol T .58 2322 BMI, smoking status, pack-years of smoking, lung func-
2 - g tion parameters (FEV1% predicted and FEV1/FVC), CAT
% al E scores, frequency of acute exacerbations in the previous
o A year, imaging parameters (%LAA o5, and 3-WA%). For
g |t g 3 S e %f § E S N serum interleukins, using the GG genotype as a reference,
o SlneTccSc T2 @ no significant differences were found in serum IL-17
fg % Ym e s mm e 2 levels between the GA and AA genotypes (GA vs. GG,
2 ﬁ a = P=0.998; AA vs. GG, P=0.741). Both the GA and AA
ME R s | genotypes showed significantly elevated serum IL-18 lev-
si8lzgiedgagosase |¢© 1 d to the GG GA vs. GG, 414.39
SRBEE 2R S > els compared to the genotype ( vs. , .39 vs.
= g, § %’ %’ % g % g % % E 3 317.13pg/ml, P=0.010; AA vs. GG, 411.00 vs. 317.13pg/
T 3 ml, P=0.002). In the control group of 250 individuals, no
el
= § © significant differences were observed in serum IL-17 and
§ s 5 Z 3 IL-18 levels across different genotypes.
2§ V<P FTZITLVLIUS |5 To determine whether rs11100865 are associated
% . v I with COPD-related phenotypes and serum interleu-
" 2 v £ E § kin, multiple linear regression was performed, adjust-
53 v é 2 £ ’E > ing for age, gender, BMI, and smoking status. No
v} ©
S| 2 = S & 8 Sl& significant associations were observed between the
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Binary logistic regression adjusted by confounding factors: age, BMI, pack years and genetic principal components

Log-additive
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genotype distributions of rs11100865 and lung function
or quantitative CT parameters (P>0.05). For interleukins,
the analysis revealed a significant association between
the genotype distribution of rs11100865 and serum IL-18
level (B=49.654, SE=19.627, P=0.012). However, no sig-
nificant associations were observed between the geno-
type distributions and IL-17 (P>0.05). Detailed results
are presented in Table 10; Fig. 4.

Association of rs11100865 genotype with imaging-based
and clinical phenotypes in COPD patients
After performing quantitative CT analysis on all study
subjects, the %LAA_y;, and 3-WA% parameters were
obtained. The upper limit of the 3-WA% reference range
was calculated based on the mean+1.96s from the 300
healthy controls. Using a %LAA_ 4, threshold of greater
than 6, COPD patients were classified into four types:
mild type (109 cases), airway-dominant type (82 cases),
emphysema-dominant type (83 cases), and mixed type
(26 cases). Additionally, based on the clinical data, lung
function parameters, and %LAA_,;, parameter, the
patients were classified into NE type (204 cases), EE type
(43 cases), ECB type (39 cases), and PBD type (14 cases).
The association analysis between the rs11100865
genotype and different COPD phenotypes, both imag-
ing-based and clinical, showed no statistically signifi-
cant differences across the genotypes. All analyses were
adjusted by age, sex, BMI, and pack years. For imaging-
based phenotypes, the comparison between the GG
genotype and GA or AA genotypes did not show signifi-
cant associations: emphysema-dominant type (OR 1.245,
95% CI 0.827-1.874, P=0.294), airway-dominant type
(OR 1.178, 95% CI 0.783-1.773, P=0.431), and mix type
(OR 1.534, 95% CI 0.824-2.855, P=0.177). For clinical
phenotypes, the comparisons also did not reach statisti-
cal significance: exacerbator with emphysema (EE) (OR
1.360, 95% CI 0.843-2.193, P=0.207), exacerbator with
chronic bronchitis (ECB) (OR 1.357, 95% CI 0.827-2.226,
P=0.227), and positive bronchodilator test (PBD) (OR
1.593, 95% CI 0.694—-3.657, P=0.272). Detailed results are
presented in Table 11.

Discussion

This study demonstrated a significant association
between the rs11100865 SNP in the HHIP gene and
increased susceptibility to COPD, with the A allele being
particularly implicated in heightened disease risk. The
association was most pronounced in additive genetic
models, where the A allele conferred a substantially
higher likelihood of developing COPD. Stratified analy-
ses further revealed that this risk was more significant in
individuals aged 60 or older, suggesting that the genetic
influence of rs11100865 may vary across different popu-
lation. Although no significant association was observed
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Table 7 511100865 in HHIP gene associated with COPD susceptibility stratified by BMI

Model

242)
141)

BMI<24(N
COPD(N

=358)
159)

Genotype BMI=24(N

Power
0.293

RZ

P

OR (95%Cl)

101)

Control(N
128(63.37)

Power
0.922

RZ

P

OR (95%Cl)

=199)

Control(N
244(61.31)

COPD(N

0.315

140(49.65)

0.268

164(51.57)

G

Allele

0.967
0.647

0314 0.050

0.321
0.321

0.368
0.118
0.228
0.591
0.133

1.293(0.741-2.257)
2.206(0.818-5.945)
2.849(0.520-15.625)
1.007(0.339-2.990)
2.074(0.802-5.365)

44
15
86

5

142(50.35)
74(52.49)
34(24.11)
(
34(24.11)
33(23.40)
108(76.60)

1.000
0.858
0276  0.967

0.286
0.267

0.008
0.003
<0.001
0.075
0.007

815(1.166-2.823)
2.998(1.449-6.202)
7.912(2.336-26.795)
2.144(0.927-4.960)
2.625(1.296-5.317)
2.850(1.563-5.196)

Binary logistic regression adjusted by confounding factors: age, sex, pack years and genetic principal components

1.

154(38.69)
40.20
42.21

119(59.80)

154(4843)
45(28.30)
74(46.54)
40(25.16)
119(74.84)
40(25.16)
45(28.30)
114(71.70)

G

AA
GG-GA
AA
GA-AA

Codominant GG
Recessive
Dominant

0.640

0.180 0.319

1.777(0.767-4.118)

0.285  1.000

<0.001

Log-additive
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between rs11100865 and COPD susceptibility in COPD
patients with a BMI<24 or in smokers, the low statistical
power suggests that the lack of significance may be due to
a small sample size, potentially leading to false-negative
results. Despite the strong link between rs11100865 and
overall COPD susceptibility, our study did not uncover
significant associations between this SNP and specific
imaging-based or clinical phenotypes, including mild
type, emphysema-dominant, airway-dominant, and
mixed type, or clinical subtypes like NE, EE, ECB, PBD.
However, a significant association was found between the
rs11100865 genotype and serum IL-18 levels, with higher
IL-18 levels observed in individuals carrying the A allele.
No significant relationship was found with IL-17 levels,
suggesting that while rs11100865 may influence cer-
tain inflammatory pathways in COPD, its role in driving
specific phenotypic expressions of the disease remains
unclear. This highlights the complexity of COPD patho-
genesis and suggests that other genetic, environmental,
or epigenetic factors may be involved in determining
the specific clinical and imaging manifestations of the
disease.

In China, several scholars have studied the association
between HHIP gene SNPs and COPD in the Han Chinese
population. Several studies conducted in the Han Chi-
nese population have shown that certain polymorphic
loci in the HHIP gene are associated with the incidence
of COPD. However, the specific SNPs identified differ
between studies, and even the same loci may yield differ-
ent results within the same population. Zhang et al. found
that the HHIP polymorphic loci rs12509311, rs13118928,
and rs182859 were not associated with COPD suscep-
tibility in southern Han Chinese patients [34]. Xu et al.
discovered that the HHIP SNPs rs12504628, rs1828591,
and rs13118928 could reduce the risk of COPD in a Han
Chinese population in Inner Mongolia [35]. Xie et al.
identified two new polymorphic loci within the HHIP
gene, rs11100865 and rs7654947, in a Han Chinese pop-
ulation in Hubei, and noted that HHIP rs12504628 and
rs13118928 were not associated with increased COPD
risk [36]. In our study, we also found that the polymor-
phic locus rs11100865 was associated with COPD sus-
ceptibility in the Han Chinese population of Ningxia,
suggesting that this locus may play a significant role in
COPD development among Han Chinese individuals. We
also found that the association between the rs11100865
genotype and COPD susceptibility in older adults. In
studies using HHIP*" mouse models, it was observed
that these mice spontaneously develop age-related
emphysema. Yun et al. discovered an accumulation of
CD8" lymphocytes in the lung tissue of these mice, which
increased with age. These findings are consistent with the
results of this study, supporting the notion that alteration
in HHIP gene expression led to increased susceptibility
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?g " o o  © o to COPD-related pathological and inflammatory changes
<t o wn (o)) o . e
Sl <2 = 9 e as individuals age [21, 37].
This study demonstrates that serum levels of IL-17
o — O o o . . .
wlm 9 2 8§ 2 and IL-18 are elevated in patients with stable COPD
R ° 2 compared to the control group, with a marked increase
w ©9 92 . =9 observed in those with GOLD stage 3—4 COPD. These
o § ;/ % « § % findings are consistent with previous studies, all indicat-
o
ing that IL-17 and IL-18 play a role in the pathogenesis
= g3 & 1aq of COPD [25, 38]. We also found that genetic variation
8 83 3 25 at the HHIP gene polymorphism rs11100865 correlates
8 v £z @ &3 with interleukin-18 levels. This finding is consistent with
8 ¥ T ¢ s results reported by Yun et al., who identified an associa-
& E § § § EN{ o tion between HHIP gene polymorphism rs1032296 alleles
and IL-18 levels [26]. Using single-cell sequencing, their
) team detailed how genetic variations influence inflamma-
E o . . tion levels. Their research suggests elevated IL-18 levels
ST s W= . . . .
3 % N8R g 583 may induce increased interferon-gamma production,
- "N o= — N N o— . . .
sl§lgrsTzsas % ultimately leading to CD8* lymphocyte aggregation and
% VN - oo ¥ = § o - involvement in COPD inflammation. Furthermore, we
2= did not find susceptibility loci associated with COPD to
(=] . .
£ % = = . ~ correlate with IL-17 levels. This may suggest that IL-17
2z & Sm&8&38 23 m g is involved in other complex pathways contributing to
n ™M N 0 N 00 M IS
o83 g eI aden COPD pathogenesis.
S Al N S This study has several limitations. First, the sample size
g ?g o~ - o for the stratified analysis remains relatively small, requir-
s |8 § g § g § ing the inclusion of more COPD cases to strengthen the
o conclusions and enhance the robustness of the findings.
X T 3 S F Hle Additionally, factors that could influence COPD, such
Sl e | ™ ™ Mo w| £ Y;
el % < 2 e as biomass exposure, occupational hazards, and second-
B g o w3 9lE hand smoking, were not fully collected. These factors
S Q n @ ™~ 5 N[ 8 . . . C L. . . . .
g |&] = °° S o952 may interact with genetic variations, jointly influencing
S s &% = Gs& g, COPD pathogenesis. Furthermore, the COPD sever-
i § 5 Eo § M § & ity in the patients involved in this study was relatively
= g § E @ § § § g mild, which could impact the relationship between the
RS e ¢ g g¢gld gene and lung function. Future studies should include
! g X 28 8 5 =2 more patients with GOLD stage 3—4 COPD. While this
2 S = study identified an association between HHIP gene poly-
% =< ] morphisms and COPD susceptibility, further functional
o |4 g experiments are needed to verify the role of the HHIP
= 3 ?g N T 0w Ad oI O © .
B 90 m < 9 S W n @ gene in COPD.
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clg o Conclusion
29 = This study identified a significant association between
iy %, g S%cocslsca % HHIP gene polymorphisms and COPD susceptibility in
é 2|5 BIs-f8ass |x a Han Chinese population. The findings also suggested a
2|E|lglS 2 ;;: ‘§ 533 \: ';:: K connection between HHIP gene variants and inflamma-
T g tion in COPD, providing insights into the genetic under-
[ el . . . .
L% e © pinnings of the disease and potential targets for future
§ o é |3 research and therapeutic interventions. However, there
[
Sl 0<BFTZETIZIES > was no significant associations between this SNP and
% = v LE COPD-related imaging or clinical phenotypes.
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Table 9 Association between rs11100865 and COPD phenotypes and serum interleukins

Variables rs11100865

GG(n=78) GA(n=148) AA(n=74)
Agel(years) 68.33+824 68.33+824 68.33+8.24
Sex (%)
Male 56(71.79) 104(70.27) 50(67.57)
Female 22(28.21) 44(29.73) 24(32.43)
BMI(kg/m?) 24.60+3.58 24.13+3.84 24.85+4.09
Smoking status(%)
No 40(51.28) 82(5541) 49(66.22)
Yes 38(48.72) 66(44.59) 25(33.78)
Pack years 13.27+£17.68 14.66+21.23 10.53+18.89
PFT
FEV1%predicted(%) 71.60+18.74 69.08 +£20.25 67.46+19.80
FEV1/FVC(%) 58.34+9.28 56.55+10.84 57.59+£1041
CAT 9.73+6.82 11.23+7.18 11.35+7.37
Exacerbation frequency 0.95+1.46 1.19+1.52 1.05+1.40
QcT
%LAA _g5(%) 599+7.74 876+10.79 7.67+942
3-WA%(%) 67.63£6.70 66.93+£6.71 67.65+7.31
Interleukin
I-17(pg/ml) 0.69£0.20 0.69£0.23 0.72+0.30
IL-18(pg/ml) 317.13+197.00 41439427754 411.00+£196.72"

Using the GG genotype as the reference, multiple comparisons were performed across genotypes. * P<0.05;** P<0.01. PFT pulmonary function test, CAT COPD
assessment test, OCT quantitative computer tomography, FEV1 forced expiratory volume in 1's, FVC forced vital capacity, %LAA_,;, percentage low attenuation area
using a threshold of -950 HU, WA wall area for the segmental bronchus

Table 10 Association between rs11100865 and parameters of

pulmonary function test, quantitative computer tomography |
and serum interleukin level in COPD patients GGH |
Variables rs11100865 g *

B SE P 2
PFT g GA :
FEV1%pred -2.244 1.606 0.163 3
FEV1/FVC -0.664 0.795 0405 |
CAT 0941 0574 0.102 AA !
Exacerbation frequency 0.080 0.118 0497
QcT 1 I 1 1 1

0 200 400 600 800

WLAA o, 1.062 0767 0.167
3-WA% -0043 0557 0938 IL-18(pg/mi)
Interleukin Fig.4 Serum IL-18 levels among different HHIP polymorphism genotypes
=17 0016 0020 0409 i, COPD patients. *, P<0.05, **, P<0.01
IL-18 49.654 19.627 0.012

Adjusted by age, sex, BMI and smoking status. PFT pulmonary function test,
QCT quantitative computer tomography, FEV] forced expiratory volume in 1's,
FVC forced vital capacity, %LAA_,;, percentage low attenuation area using a
threshold of -950 HU, WA wall area for the segmental bronchus
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Table 11 Association between rs11100865 genotype and imaging-based phenotypes and clinical phenotypes in COPD patients

COPD phenotypes N rs11100865 OR P
GG GA AA

Imaging-based phenotypes

Mild type 109 30(27.52) 58(53.21) 21(19.27) -

Emphysema-dominant type 83 21(25.30) 40(48.19) 22(26.51) 1.245(0.827-1.874) 0.294

Airway-dominant type 82 23(28.05) 35(42.68) 24(29.27) 1.178(0.783-1.773) 0431

Mix type 26 4(15.38) 15(57.70) 7(26.92) 1.534(0.824-2.855) 0177

Clinical phenotypes

NE 204 60(29.41) 97(47.55) 47(23.04) -

EE 43 9(20.93) 22(51.16) 12(27.97) 1.360(0.843-2.193) 0.207

ECB 39 7(17.95) 22(56.41) 10(25.64) 1.357(0.827-2.226) 0.227

PBD 14 2(14.29) 7(50.00) 5(35.71) 1.593(0.694-3.657) 0.272

Multivariable logistic regression adjusted by age, sex, BMI, pack years. NE non-exacerbator, £E exacerbator with emphysema, £CB exacerbator with chronic bronchitis,

PBD positive bronchodilator test

Abbreviations

COPD chronic obstructive pulmonary disease

PFT pulmonary function test

FEV1 forced expiratory volume in 1s

FVC forced vital capacity

QCT quantitative computer tomography

%LAA_g5,  percentage low attenuation area using a threshold of -950 HU

WA wall area for the segmental bronchus

CAT COPD assessment test

GOLD Global Initiative Chronic Obstructive Lung Disease
SNP single nucleotide polymorphism
HWE Hardy-Weinberg Equilibrium

MAF Minor allele frequency

LD linkage disequilibrium

NE non-exacerbator

EE exacerbator with emphysema

ECB exacerbator with chronic bronchitis
PBD positive bronchodilator test

OR odds ratio

@] confidence interval
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