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Abstract

Previously, we defined CHI3L1 and PI3 as genes related with asthma and severity by
analysis of differential gene expression. In this study, we investigated the role of DNA
methylation in their regulation, and their relationship with protein levels and clinical
parameters. Peripheral blood mononuclear cells (PBMCs) and sera were collected from
healthy controls (HCs), nonallergic asthmatic (NA), and allergic asthmatic (AA) patients.
RNA and DNA were extracted from PBMCs using the trizol method. Gene expression was
assessed by qRT-PCR, and DNA methylation of CpG sites near the promoters was analyzed
using sodium bisulfite treatment followed by PCR amplification. DNA methylation analy-
sis was performed using the Sequenom EpiTYPER platform. Protein levels were quantified
by ELISA, and statistical analyses were carried out using GraphPad software. Consistent
with previous findings, CHI3L1 and PI3 gene expression were significantly lower in asth-
matic patients compared to controls. Conversely, CHI3L1 protein levels were higher in
both patient groups, while PI3 protein showed no significant changes. DNA methylation
analysis revealed higher overall DNA methylation percentages in NA and AA patients
for both genes compared to HCs. Despite this, no significant correlations were observed
between DNA methylation and gene or protein expression, although some correlations
were observed with clinical parameters. In conclusion, CHI3L1 and PI3 represent potential
asthma biomarkers, whose regulation may be partially influenced by DNA methylation, a
mechanism more pronounced in asthmatic patients than in healthy subjects.

Keywords: asthma; biomarkers; chitinase-3-like 1; DNA methylation; elafin; epigenetics;
gene expression; PI3; YKL-40
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1. Introduction
Asthma is a common chronic respiratory disease, defined by the Global Initiative

for Asthma (GINA) as a “heterogeneous disease, typically characterized by chronic air-
way inflammation” [1]. Although current therapeutic approaches are effective for many
asthmatic patients, there remains an unmet need for treatment options, particularly for un-
controlled severe asthma. This is likely due to the different underlying disease mechanisms,
which require further investigation. Despite its clinical heterogeneity, allergy has been
implicated in 50–80% of asthmatic patients, especially in those with severe asthma [2,3].
In this context, the type 2 asthma endotype (characterized by a T2 immune response and
allergic inflammation) has garnered attention in the search for biomarkers and the devel-
opment of new therapeutic approaches, mainly through biological treatments targeting
eosinophilic inflammation [4–6]. However, the non-type-2 asthma endotype, which shows
a prevalence of neutrophilic or mixed neutrophilic/eosinophilic inflammation, is poorly
characterized [7]. As a result, few biologically targeted therapies have been developed for
this group of patients. Consequently, a key goal in asthma treatment is to develop disease-
modifying therapies, which could be achieved through the development of treatments
targeting specific inflammatory pathways in asthma pathogenesis. This underscores the
importance of identifying and accurately characterizing patients who are more likely to
respond to specific therapies, which is the goal of precision medicine [6,8,9].

Classic genetic and genomic studies have identified candidate genes of biological
importance in asthma, although these genes explain only a modest proportion of the
disease’s phenotypic variation. Epigenetic mechanisms could explain the environmental
origins of asthma and its phenotypic variability [10–13]. A range of environmental risk
factors has been proposed to contribute to the development of asthma, including allergen
exposure, tobacco smoke, and air pollution [14]. The effects of these environmental factors
appear to be partly mediated through epigenetic mechanisms that modify the expression
of relevant genes, potentially altering molecular mechanisms involved in both health and
disease. Epigenetics is defined by three criteria [15]: (i) a change in gene activity not
involving a mutation, (ii) a change initiated by a signal, and (iii) an inheritable change by
mitosis or meiosis that does not require the initial signal to trigger the change.

Several common epigenetic mechanisms have been identified, including DNA
methylation, histone modification, chromatin remodeling, and small noncoding RNAs
(21–26 nucleotides long). In asthma, various studies have demonstrated how these mecha-
nisms can influence different aspects of the disease [16,17]. DNA methylation, especially in
CpG sites near the promoter region, is associated with transcriptional repression, while
hypomethylation typically results in gene overexpression [18,19]. Epigenetic mechanisms
are essential for the plasticity of the cellular response provoked by environmental exposure
and for the development of different cellular processes. To the extent that environmental
and genetic factors are essential to the pathogenesis of allergic diseases, epigenetics likely
contribute to the origins of the diseases and their phenotypic variability [20].

A major limitation of current studies on asthma epigenetics is that epigenetic modifica-
tions are often studied in heterogeneous asthma phenotypes (e.g., allergic and nonallergic
asthma together), making it difficult to distinguish epigenetic modifications associated
with allergic asthma from those mediating nonallergic asthma [21].

In this context, our group tries to define new and complementary molecular biomark-
ers able to discriminate allergic (T2-high) and nonallergic asthma (T2-low or non-T2) disease
and predict disease severity in non-invasive samples. Firstly, we identified novel genes and
proteins as biomarkers able to discriminate healthy control subjects (HCs) from nonallergic
asthmatic patients (T2-low) and asthma severities [22]. The relevance of these biomark-
ers in asthma and allergic diseases was previously discussed [23,24]. Later, we defined



Biomolecules 2025, 15, 1363 3 of 18

at the genetic and protein level the ability of those biomarkers to discriminate allergic
(T2-high) and nonallergic asthma (T2-low or non-T2) diseases and severity. The results
showed panels of genes and proteins able to discriminate T2-high and T2-low asthma and
severity [25] by easy techniques and with very good discriminatory parameters. Two of the
main biomarkers defined were chitinase-3-like protein 1 (CHI3L1) and proteinase inhibitor
3 (PI3) genes that were highly decreased in PBMCs of asthmatic patients (both allergic and
nonallergic) compared with healthy subjects [23,24].

CHI3L1 is a gene that codifies a nonenzymatic chitinase-like also named YKL-40 in
humans for the tyrosine (Y), lysine (K), and leucine (L) residues present in the N-terminal
of the secreted form [26]. CHI3L1 has been implicated in many disorders due mainly to its
broad spectrum of biological activities, as has recently been reviewed [27]. Its implication
in inflammatory conditions [28–36], including respiratory diseases such as asthma, chronic
obstructive pulmonary disease (COPD), or fibrosis has been described, but their role
is not fully understood [37–40]. Several studies describe the CHI3L1 gene or YKL-40
protein expression associated with asthma, pointing to their role as potential biomarkers
to asthma [41]. However, several controversies need to be solved (i.e., their contribution
as asthma biomarker, or their specificity to an asthma endotype: T2 eosinophilic asthma,
non-T2 eosinophilic asthma, or both).

In addition, the PI3 gene, located on chromosome 20q12-q13 in humans, encodes
trappin-2, a 9.9kDa protein, precursor of the elafin, a low molecular weight peptide (6kDa)
originally identified as a protease inhibitor in the lung and skin [42,43] that specifically
inhibits neutrophil elastase (NE) and proteinase 3 [44]. Elafin functions as an antimicrobial
peptide against Gram-positive and Gram-negative bacteria, and fungal pathogens and their
anti-inflammatory effect in respiratory disorders has also been described [45]. However,
few works have studied the relationship between PI3 or trappin-2/elafin and asthma. In
2016, a significant inverse association between elafin levels and asthma was demonstrated,
pointing to a protective role of elafin [46]. In concordance with those results, our group
found a statistically significant decrease in PI3 gene expression in PBMCs from asthmatic
patients (both allergic and nonallergic) compared with HCs [23,24].

In this study, we aim to further validate the utility of CHI3L1 and PI3 expression as
asthma biomarkers and explore the role of DNA methylation as an epigenetic modulator
involved in their regulation. Our goal is to evaluate their potential as diagnostic biomarkers
or indicators of disease severity.

2. Materials and Methods
2.1. Study Design and Subjects

The study population consisted of 54 unrelated subjects: 12 healthy control (HC)
subjects, 22 nonallergic asthmatic (NA) patients, and 20 allergic asthmatic (AA) patients
(allergic to airborne allergens). The NA and AA patients were diagnosed at the allergy and
pulmonology departments of Fundación Jiménez Díaz Hospital in Madrid, while the HC
subjects were recruited from the allergy departments of San Cecilio University Hospital in
Granada and Policlinic Hospital in Sevilla.

Pulmonary function tests were conducted on asthmatic patients by determining the
predicted percentage of forced vital capacity (%FVC) and forced expiratory volume in 1 s
(%FEV1). Allergy test included a skin prick test to a panel of common allergens, including
dust mites (Dermatophagoides pteronyssinus, Dermatophagoides farinae, and Lepidoglyphus
destructor), animal epithelia (cat and dog), cockroaches (Blatella orientalis and Blatella ger-
manica), pollens (Cypress, banana shadow, olive, mixture of grasses, Artemisia, Parietaria, and
Salsola), and fungi (Alternaria, Cladosporium, Aspergillus, and Penicillium).
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NA patients were patients diagnosed with asthma but with negative skin prick test,
while AA patients were asthmatic and allergic to at least one airborne allergen. In both
groups, asthma severity was classified as severe, moderate, or mild according to the Spanish
Guidelines for the Management of Asthma (GEMA) [47]. Samples were collected on a day
when participants had not taken any medication.

The HC group included healthy subjects with no history of respiratory diseases or
allergic symptoms and negative skin prick test results.

Written informed consent was obtained from all participants in accordance with the
Declaration of Helsinki. Ethical approval was granted by the research ethics committee
of IIS-FJD-UAM.

Peripheral blood samples were collected from each participant and processed in the
Immunology Department of the Health Research Institute-Fundación Jiménez Díaz-UAM
(IIS-FJD-UAM) in Madrid.

2.2. Isolation of Peripheral Blood Mononuclear Cells (PBMCs), RNA, and DNA Extraction

PBMCs were isolated from heparinized peripheral blood samples by gradient centrifu-
gation using Lymphoprep (Comercial Rafer, Zaragoza, Spain) according to the manufac-
turer’s instructions. Cell isolation was performed under sterile conditions using endotoxin-
free reagents. RNA and DNA were extracted from PBMCs (106 cells) using the Trizol
method (Invitrogen, Carlsbad, CA, USA). The quantity and purity of the samples were
assessed by spectrophotometry using a Nanodrop ND-1000 spectrophotometer (Bonsái
Technologies Group, Madrid, Spain).

2.3. Gene Selection

CHI3L1 and PI3 were selected based on our previous findings [23] as two of the most
promising biomarkers for asthma.

2.4. Differential Gene Expression Analysis by RT-qPCR

Gene expression was assessed at the Scientific Park of Cantoblanco (Madrid, Spain)
using quantitative real-time PCR (qRT-PCR) with the TaqMan Gene Expression System
(Applied Biosystems, Foster City, CA, USA) in 384-well microfluidic cards. Briefly, 300 ng
of RNA from each sample were reverse-transcribed into cDNA using the High Capacity
RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR was per-
formed with Taqman Gene Expression Assays and the HT7900 System (Applied Biosystems,
Foster City, CA, USA), with 40 amplification cycles. Results were analyzed using SDS
software 2.1 (Applied Biosystems, Foster City, CA, USA).

Gene expression of CHI3L1 and PI3 was measured in triplicate, with the expression of
the 18S gene used as a reference. Pre-designed TaqMan Gene Expression Assays used were
CHI3L1-Hs00609691_m1, PI3-Hs00160066_m1, and 18S-Hs99999901_s1, respectively. Relative
Quantification (RQ) values were calculated using the cycle threshold (Ct) method, with the
gene expression represented as 2−∆∆Ct, where ∆∆Ct = (∆Ctclinical group) − (∆Ctcontrol group),
and ∆Ct = (Ctstudy gene) − (Ct18S).

2.5. Measurement of CHI3L1 and PI3 Protein Levels

Serum samples were obtained by centrifuging peripheral blood samples without
anticoagulant from all participants. Serum levels of CHI3L1 and PI3 were measured using
the human chitinase-3-like 1 DuoSet ELISA (Cat# DY2599) and the Human Trappin-2/Elafin
DuoSet ELISA (Cat# DY1747) (R&D Systems, Minneapolis, MN, USA).
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2.6. Epigenetic Study by DNA Methylation Analysis

Five hundred nanograms of genomic DNA extracted from PBMCs were analyzed by
Making Genetics (Pamplona, Spain) using MassARRAY EpiTYPER® technology. Genomic
DNA was treated with sodium bisulfite using the EZ DNA Methylation-Gold™ Kit (Zymo
Research, Irvine, CA, USA). The targeted regions were amplified by PCR using specific
primers (Table 1).

Table 1. CHI3L1 and PI3 primers used for the quantitative analysis of DNA methylation, in regions
near to the promoter of the genes.

Gene Primers (5′–3′) Amplicon
(Base Pairs)

CpG
Sites—Coverage

CHI3L1 F-aggaagagagGTTTTTAGGTTGGGTAAGGGTTAGA
R-cagtaatacgactcactatagggagaaggctCATCAAACTTAAATTCCAAAACCTC 354 8–5

PI3 F-aggaagagagTTTTGAGGGAAAGTTTTTAGGTTTT
R-cagtaatacgactcactatagggagaaggctTCAAAAATACTCCCTATCCTAACCC 335 5–5

Primers were designed with SEQUENOM® EpiDesignerBETA software (http://
www.epidesigner.com), including a T7 promoter sequence (reverse sequence: 5′-
CAGTAATACGACTCACTATAGGGAGAAGGCT-3′) and 10 nucleotides for PCR com-
pensation in the forward primer sequence (AGGAAGAGAG). This design amplified
regions near the gene promoters, yielding an amplicon of 354 bp for CHI3L1 and 335 bp
for PI3 (Figure 1). In total, 8 CpG sites in CHI3L1 were analyzed, though only 5 were
detected (Figure 1A); for PI3, 5 CpG sites were analyzed (Figure 1B). RNA transcription
in vitro was followed by base-specific RNA cleavage in U with RNAse A. Cleavage
products were analyzed using MALDI-TOF (MassARRAY® Analyzer). Methylated and
non-methylated cytosines were distinguished with EpiTYPER® software.

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad InStat 3.0. Differential gene
expression (∆Ct values), protein expression, and DNA methylation percentages of CpG
sites between clinical groups were compared using the Mann–Whitney U test.

Statistical significance was set at a two-tailed p value < 0.05. Correlations between
DNA methylation and gene/protein expression were analyzed in each group using the
non-parametric Spearman correlation test. A strong correlation was defined as r ≥ 0.80,
moderate as 0.79 ≥ r ≥ 0.50, and weak as r < 0.50.

To explore the overall effect of DNA methylation across all CpG sites, multiple regres-
sion analysis was performed with DNA methylation data from all sites as independent
variables and gene expression as the dependent variable. The goodness-of-fit was assessed
by the R2 value, considering results relevant when the adjusted R2 closely matched the
R2 value.

http://www.epidesigner.com
http://www.epidesigner.com
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Figure 1. Regions studied in the DNA methylation analysis of CpG sites near to the promoter of
(A) CHI3L1 and (B) PI3. In green are marked the studied sites. In red are marked 3 CpG sites included
in the CHI3L1 amplified sequence but not studied.
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3. Results
3.1. Subjects

The studied population consisted of 12 HC and 42 asthmatic patients, 22 nonallergic
(NA) patients and 20 allergic (AA) patients. The demographic and clinical characteristics of
the participants are summarized in Table 2.

Table 2. Demographic and clinical characteristics of the study population.

HC Subjects NA Patients AA Patients

N 12 22 20

Gender, N (%) Male 4 (33.3) 6 (27.3) 4 (20)
Female 8 (66.7) 16 (72.7) 16 (80)

Age (years), mean ± SD 48.5 ±9.5 58.3 ±13.8 * 41 ±17.2 #

Asthma severity, N (%) Moderate/mild - 10 (45.5) 10 (50)
Severe - 12 (54.5) 10 (50)

Pulmonary function, mean ± SD FVC (%) - 80.6 ±24.4 72.4 ±16.5
FEV1 (%) - 75.6 ±23 73.1 ±16.1

Blood analysis, mean ± SD
Total IgE (kU/L) 41.9 ± 75.9 93.5 ± 87.5 ** 405.2 ± 472.7 ***,##

Eosinophils
(cells/mm3) - 278.6 ± 162.5 480.1 ± 288.8

%FVC: percentage of forced vital capacity; %FEV1: percentage of forced expiratory volume in 1 s.
*, **, *** Statistically significant comparisons (p < 0.05, p < 0.01, and p < 0.0001, respectively) between the
indicated group and the C group. #, ## Statistically significant comparisons (p < 0.01 and p < 0.001, respectively)
between the indicated group and the NA group.

The NA group presented the highest mean age (58.3 ± 13.8 years), with statistically
significant differences compared to the HC group (47.2 ± 9.3 years; p = 0.016) and the
AA patients (41 ± 17.2 years; p = 0.0026). AA patients were the youngest, although there
were no significant differences compared to the HC group. In terms of lung function,
the NA group had better FVC and FEV1 percentages than the AA group, but without
reaching statistical significance. No functional data were available for HC subjects. Re-
garding asthma severity, approximately half of the asthmatic patients in both groups were
diagnosed with moderate or mild asthma, while the other half had severe asthma. The
highest IgE levels were observed in the AA group (405.2 ± 472.7 kU/L), followed by the
NA group (93.5 ± 87.5 kU/L) and the HC group (41.9 ± 75.9 kU/L). Differences were
statistically significant between the clinical groups and healthy controls (HC vs. NA:
p = 0.006; HC vs. AA: p < 0.0001), as well as between the two asthmatic groups (NA vs. AA:
p = 0.0005).

3.2. CHI3L1 and PI3 Gene and Protein Expression, and DNA Methylation Analysis
3.2.1. Gene and Protein Expression of CHI3L1 and PI3

CHI3L1 and PI3 showed a significantly lower gene expression in the asthmatic patients’
groups compared to HC, with allergic patients showing the lowest expression (Figure 2).
Interestingly, the protein expression results were discordant: AA patients exhibited the
highest CHI3L1 protein expression, while PI3 serum levels were similar across all clinical
groups (Figure 2).

Regarding gene expression, relative quantification (RQ) values for CHI3L1 were
0.02 ± 0.01 in the NA group and 0.003 ± 0.001 in the AA group, significantly lower than in
HC subjects, with significant decreases for both clinical groups (p < 0.0001). Additionally,
there were statistically significant differences between the NA and AA groups (p = 0.0016)
(Figure 2A). At the protein level, the mean serum CHI3L1 protein levels in HC were
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18,074.5 ± 8986.5 pg/mL, with slightly higher expression in NA (20,910.9 ± 9435.6 pg/mL)
and AA (22,958.2 ± 3999.5 pg/mL). These differences were statistically significant when
comparing the AA group to HC (p = 0.02) and to the NA group (p = 0.03) (Figure 2B).

Figure 2. CHI3L1 (A–D) and PI3 (E–H) gene and protein expression according to clinical group and
severity subgroup in Healthy Control subjects (HC), Nonallergic Asthma (NA), and Allergic Asthma
(AA) patients. Asthma severity is indicated as S for severe and MM for moderate–mild diagnosis.
The gene expression graphs represent the mean gene levels and the standard error, measured by
RT-qPCR in 12 HC, 20 NA, and 20 AA, expressed as the relative quantification (RQ) for the clinical
groups compared to the HC group (see Section 2). The protein expression is shown as the mean
levels ± standard deviation (SD) of CHI3L1 and PI3 in serum, quantified by ELISA in all subjects
included in the study. Statistical analysis was performed using the nonparametric Mann–Whitney
test using the Graph-Pad InStat 3.0 program. Statistically significant differences between HC and the
indicated disease group are shown as HC* (p < 0.05) and HC## (p < 0.0001). Statistically significant
differences among clinical groups are shown as * (p < 0.05) and ** (p < 0.01).

For the PI3 gene expression (Figure 2E), the RQ values compared to HC were
0.003 ± 0.001 and 0.0006 ± 0.0003 in the NA and AA group, respectively, with significant
decreases (p < 0.0001 for both comparisons). PI3 gene expression was significantly lower in
AA patients compared to NA patients (p = 0.007). Serum PI3 protein levels showed large
variations, and the differences between clinical groups did not reach statistical significance
(Figure 2F).

When gene and protein expression were analyzed by asthma severity (patients with
severe asthma vs. moderate or mild asthma), we observed that CHI3L1 gene expression was
lower in severe patients compared to moderate–mild patients in both NA and AA groups.
In the NA group, severe patients showed CHI3L1 gene expression 100 times lower than HC
subjects (RQ = 0.01 ± 0.008; p < 0.0001), while in the AA group, severe patients had CHI3L1
gene expression 500 times lower (RQ = 0.002 ± 0.001; p < 0.0001). In the moderate–mild
patients, a significant decrease in CHI3L1 expression compared to HC was also observed,
with a greater reduction in AA patients (Figure 2C).

At the protein level, lower serum CHI3L1 protein levels were observed in severe
patients compared to moderate–mild patients, although these differences were not statisti-
cally significant. However, clinical groups showed higher protein expression than HC, in
contrast to the gene expression results (Figure 2D) with statistically significant increases in
moderate–mild AA patients.
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For PI3 gene expression, both severity subgroups in both asthmatic patient groups
showed significantly lower levels compared to HC, with a decrease of approximately
300 times in the NA group and 1500 times in the AA group (p < 0.001 for both). The expres-
sion of moderate–mild AA patients was also significantly lower than NA moderate–mild
patients (p = 0.03). (Figure 2G). No significant differences were observed in serum PI3
protein levels between severity subgroups (Figure 2H).

3.2.2. DNA Methylation Analysis of CHI3L1 and PI3

In order to better understand the possible regulatory mechanisms implicated in these
gene expression differences between groups, we studied the DNA methylation, an epi-
genetic regulatory mechanism, analyzing CpG sites near to the promoter of the genes.
In the DNA methylation analysis of CHI3L1 and PI3, we observed differences in DNA
methylation percentages between the clinical groups and HC subjects. Figure 3 summarizes
the CHI3L1 (A) and PI3 (B) methylation results, in both clinical groups (i) and according to
asthma severity (ii).

For CHI3L1, five CpG sites near the gene promoter were studied. The results showed
that CpG1 and CpG4 had lower DNA methylation percentages than CpG5 and CpG6&7.
However, all the CpG sites (except CpG4) showed higher DNA methylation in the asthmatic
groups compared to HC subjects (Figure 3A(i)).

The CpG1 site had the lowest DNA methylation levels across all groups, with mean
values less than 10%, especially in HC subjects (2 ± 1%). The clinical groups showed
significantly higher DNA methylation, with 5 ± 3% in NA (p = 0.0023) and 7 ± 5% in AA
(p < 0.0001).

When patients were analyzed by asthma severity, both AA severity subgroups main-
tained the significant difference with HC subjects, while only moderate–mild NA patients
showed significant differences (p < 0.0001 for all comparisons). Severe NA patients exhib-
ited DNA methylation levels (3 ± 1%) similar to HC subjects, significantly lower than the
moderate–mild NA group (6 ± 3%, p = 0.011) and severe AA patients (7 ± 5%, p = 0.04)
(Figure 3A(ii)).

CpG4 showed similar DNA methylation percentages across HC subjects (13 ± 3%)
and the asthmatic groups (13 ± 5% in NA and 11 ± 5% in AA) (Figure 3A(i)). Regarding
asthma severity, severe patients had higher DNA methylation than moderate–mild patients,
in both asthma groups, but the differences were statistically significant only in the NA
group (p = 0.0003). Moreover, moderate–mild NA patients showed significantly lower
DNA methylation compared to HC subjects (p = 0.011) (Figure 3A(ii)).

The other three sites (CpG5 and CpG6&7) showed higher DNA methylation percent-
ages in all groups, around 50% in asthmatic patients. The CpG5 site had the highest DNA
methylation in HC and NA groups, while AA patients exhibited higher DNA methylation
in CpG6&7. In both sites, HC subjects had significantly lower DNA methylation percentages
than the asthmatic patients. For CpG5, HC subjects had 26 ± 4% DNA methylation, while
the clinical groups had nearly 50% of DNA methylation: 47 ± 8% in NA (p < 0.0001 vs. HC)
and 42 ± 21% in AA (p = 0.011 vs. HC) (Figure 3A(i)). These differences were maintained
in NA, regardless of severity (45 ± 10%, p = 0.0003 in mild–moderate NA; and 48 ± 5%,
p < 0.0001 in severe NA), but only severe AA patients showed significantly higher DNA
methylation (44 ± 15%) than HC subjects (26 ± 4%, p = 0.010), while moderate–mild AA
patients had a similar DNA methylation percentage (40 ± 27%) (Figure 3A(ii)). Finally,
DNA methylation in the CpG6&7 sites was higher in the clinical groups, with mean percent-
ages of 45 ± 12% in NA and 48 ± 16% in AA, compared to 25 ± 3% in HC subjects. These
differences were significant (p < 0.0001) (Figure 3A(i)). When analyzed by severity, these dif-
ferences remained significant for both groups: severe NA had 49 ± 5%, and moderate–mild



Biomolecules 2025, 15, 1363 10 of 18

NA had 41 ± 16% DNA methylation (p < 0.0001 and p = 0.0026 vs. HC, respectively), while
severe AA had 47 ± 13%, and moderate–mild AA patients had 49 ± 19% DNA methylation
(p < 0.0001 and p = 0.0046 vs. HC, respectively). Statistically significant differences between
the two severity subgroups in NA patients were observed (p = 0.017) (Figure 3A(ii)).

Figure 3. (A) CHI3L1 and (B) PI3 methylation percentages of the CpG sites studied according to
clinical groups (i) and severity of the disease (ii) in the first population studied (P1). HC: healthy
control, NA: nonallergic asthma, AA: allergic asthma, MM: moderate or mild diagnosis, S: severe
diagnosis. The DNA methylation percentage in the CpG sites studied was measured in all the subjects
from the studied population, and the results are shown in box and whisker graphs, where the median,
standard deviation, maximum, and minimum values are represented. These data were compared
among groups and severities by Nonparametric Mann–Whitney test using the Graph-Pad InStat 3
program. Statistically significant differences between HC and the indicated disease group are shown
as HC* (p < 0.05), HC** (p < 0.01), HC# (p < 0.001), and HC## (p < 0.0001). Statistically significant
differences among indicated clinical groups are shown as * (p < 0.05) and ** (p < 0.01).
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For PI3, all CpG sites showed high DNA methylation levels, with significant differ-
ences between HC subjects and asthmatic patients in four of them (Figure 3B(i)), three with
a lower methylation in HC subjects (CpG2 to CpG4) and one showing higher methylation in
HC (CpG5). Nonetheless, the first CpG site showed similar mean methylation levels in all
groups, without differences between them, neither globally nor by severity (Figure 3B(i,ii)).

In the CpG2 site, we found lower DNA methylation in the HC subjects (43 ± 20%) than
in the clinical groups (70 ± 16% and 73 ± 20% in NA and AA, respectively). These differ-
ences with the HC subjects were statistically significant in both groups: NA (p = 0.0006) and
AA (p = 0.0001) (Figure 3B(i)). Comparing severities, we observed similar DNA methylation
percentages between moderate–mild and severe patients in both asthma groups. Again,
the DNA methylation in all the subgroups was statistically higher than that observed in the
HC subjects (Figure 3B(ii)). Similar results were obtained for the CpG3 site, where the mean
DNA methylation in HC subjects (71 ± 11%) was statistically lower than that observed
in NA patients (80 ± 10%; p = 0.011) and AA patients (82 ± 12%; p = 0.006) (Figure 3B(i)).
Again, those differences were maintained independently of the severity of the asthmatic
individuals (Figure 3B(ii)). In the CpG4 site, again, the HC subjects presented statistically
significant lower DNA methylation percentages (33 ± 20%) than those observed in both
asthmatic groups: NA (54 ± 17%; p = 0.0028) and AA (58 ± 22%; p = 0.0027) (Figure 3B(i)).
When asthma groups were separated by severity, both NA subgroups maintained the statis-
tical significance with the HC group (57 ± 15%, p = 0.004 in severe NA; 51 ± 19%, p = 0.03
in moderate–mild NA), while only the severe AA subgroup (64 ± 15%, p = 0.0006) had a
significantly higher percentage of DNA methylation than the HC subjects (Figure 3B(ii)).

Opposite results were observed in the CpG5 site, where mean DNA methylation was
higher in the HC subjects (90 ± 7%) than in the clinical groups: NA (75 ± 19%; p = 0.0085)
and AA (77 ± 11%; p = 0.0013) (Figure 3B(i)). Analyzed by severity, we observed significant
differences between the DNA methylation in HC and both severity subgroups in AA
patients (78 ± 12%, p = 0.011 and 77 ± 10%, p = 0.004 in severe and moderate–mild patients,
respectively), while with moderate–mild NA patients it was only 62 ± 22%, p = 0.0024. We
also found statistically significant differences between different severities within the NA
group (p = 0.0051) and between both severe asthma subgroups (p = 0.009) (Figure 3B(ii)).

3.2.3. Correlation of CHI3L1 and PI3 Expression with DNA Methylation and
Clinical Parameters

To understand the potential regulatory mechanisms behind the observed gene ex-
pression differences, we performed a correlation analysis between gene expression and
each CpG site separately. In both genes we observed, in general, higher DNA methylation
percentages in the asthmatic groups compared with the HC, in accordance with the lower
gene expression observed in the clinical groups. However, these correlations were not
statistically significant, in either the clinical groups or severity subgroups.

A multiple regression analysis was performed to assess the influence of global DNA
methylation on gene expression, using the DNA methylation data from all the sites studied
as independent variables and gene expression as dependent variables. These data showed
that the global DNA methylation of CHI3L1 in moderate–mild AA patients was highly
related with their gene expression (R2 = 0.82, adjusted R2 = 0.61). No significant correlations
were found for PI3.

Finally, with the aim to better understand the possible implications of those param-
eters in the clinical manifestations of the disease, we analyzed the correlation between
biomarker expression and clinical characteristics of the patients in each group. For CHI3L1,
significant correlations were found in the NA group. A weak negative correlation was
observed between FEV1 and the CHI3L1 ∆Ct (Rs = −0.45; p = 0.04) and CHI3L1 serum
levels (Rs = 0.46; p = 0.03), indicating that patients with higher ∆Ct (thus lower relative
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quantification) or lower protein expression had worse lung function. When patients were
segregated by severity, FVC and CHI3L1 serum levels showed a strong negative correlation
in severe NA (Rs = −0.78; p = 0.003) and moderate–mild NA patients (Rs = −0.82; p = 0.008).
In moderate–mild NA patients, there was a significant negative correlation between FEV1

and CHI3L1 ∆Ct (Rs = −0.76; p = 0.02).
In contrast, PI3 serum protein levels showed only a significant negative correlation

with FVC (Rs = −0.48; p = 0.03), with no significant correlations found for PI3 gene
expression or within severity subgroups.

4. Discussion
In this study, we analyzed the gene and protein expression of CHI3L1 and PI3 in

peripheral samples (PBMCs and serum) to evaluate their potential as biomarkers for
different clinical asthma phenotypes (allergic asthma, AA, and nonallergic asthma, NA)
and according to disease severity, building on our previous work [22–25]. Additionally, we
investigated DNA methylation in promoter regions of these genes to explore its possible
role in gene regulation.

4.1. CHI3L1: Expression, Protein Levels, and DNA Methylation

CHI3L1 (chitinase-3-like protein 1, also known as YKL-40) is a non-enzymatic chitinase-
like protein produced by various cell types, including macrophages, neutrophils, fibroblasts,
endothelial cells, and cancer cells [48–53]. It exhibits a broad range of biological activities
relevant to inflammatory processes and tissue remodeling, such as promoting cell prolifera-
tion, survival, immune cell activation and differentiation, and regulation of extracellular
matrix metabolism [27].

Although its role in respiratory diseases like asthma, COPD, and fibrosis has been
reported, its precise function remains incompletely understood. In COPD, elevated serum
levels have been associated with tissue inflammation and remodeling [37,38]. In animal
models and patients with lung injury and fibrosis, diverse roles have been described,
including a potentially protective effect in hyperoxia acute lung injury in mice [39] and
increased levels in cystic fibrosis patients [40]. Regarding asthma, CHI3L1 plays a key
role in CD4+ T cell polarization and Th2 inflammation. It is expressed in activated T cells
and Th2 cells, regulating Th1/Th2 differentiation [54]. Murine models show increased
CHI3L1 expression during Th2-driven inflammatory responses induced by allergens such
as ovalbumin and dust mites, with reduced Th2 inflammation observed in CHI3L1 knockout
mice [55]. CHI3L1 also promotes bronchial smooth muscle cell proliferation via MAPK and
NF-κB pathways [27,56].

However, results are conflicting as to whether CHI3L1 serves as a specific biomarker
for type 2 (T2) asthma. Some studies link it to IL-13-dependent T2 inflammation [55,57,58],
while others suggest it is not T2-specific and may be elevated in non-eosinophilic
asthma [59–61]. Similarly, associations between CHI3L1 polymorphisms, circulating
YKL-40 levels, and asthma features vary across studies, possibly due to population genetic
differences [62–68]. A recent study indicated that genetic variations in CHI3L1 modulate
circulating YKL-40 via DNA methylation profiles but showed no direct association with
childhood asthma [69].

In our cohort, comprising healthy controls and patients with AA and NA, we con-
firmed a significant decrease in CHI3L1 gene expression in PBMCs from asthma patients
compared to controls (Figure 2A), consistent with prior findings [22–25]. Conversely, serum
CHI3L1 protein levels were elevated in all asthmatic groups, especially in AA patients with
mild-to-moderate disease, supporting its potential role as a T2-specific biomarker driven
by IL-13 [55,57,58].
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Regarding associations with lung function, significant correlations between CHI3L1
gene and protein expression and FEV1 were observed only in NA patients, with additional
correlations with FVC when stratifying by severity. These findings suggest a possible role
for CHI3L1 in the nonallergic asthma phenotype and align with previous reports linking
circulating YKL-40 levels with lung function [62,70,71].

To explain differences in gene expression, we analyzed the DNA methylation as a
mechanism that could be implicated in their regulation, since the epigenetic regulation
of CHI3L1 has been linked to other diseases [72,73]. Here the DNA methylation of eight
CpG sites in the CHI3L1 promoter was studied. CpG sites 5 and 6 and 7 exhibited the
highest methylation levels, roughly double in asthma patients compared to controls, with
statistically significant differences in both phenotypes, regardless of severity (Figure 3A).
This hypermethylation may partly explain the reduced gene expression observed, although
individual correlations were not significant. Multiple regression analysis combining all
CpG sites showed a strong association with gene expression (R2 = 0.82), specifically in
mild-to-moderate AA patients, suggesting an accumulative epigenetic regulatory effect.

In summary, despite sample size limitations, our data indicate a potential involvement
of DNA methylation in regulating CHI3L1 expression in asthma, though other regulatory
mechanisms likely contribute. A bioinformatic analysis using UCSC Genome Browser
on Human (GRCh38/hg38) searching for Transcription factors and SNPs in the CHI3L1
region studied showed predicted binding sites (Table S1) for 4 Zinc finger proteins (ZNF263,
ZNF574, ZNF701, and ZNF531 or ZFP14) in the CpG1 site of CHI3L1, remarking ZNF263
that has been associated with regulation in asthma [74,75]). Also, in the CHI3L1 amplicon
studied, we found a match with IRF5 (interferon regulatory factor 5) and HES6 (hes family
bHLH transcription factor 6) in the two CpGs (two and three, respectively) that could not
be detected by technical reasons in this study. Both, especially IRF5, have been extensively
related to asthma regulation [76–80].

4.2. PI3: Expression, Protein Levels, and DNA Methylation

Regarding PI3, which encodes trappin-2 (precursor of elafin), an antimicrobial peptide
and protease inhibitor with anti-inflammatory effects [42–46], its role in asthma is less
explored. Consistent with previous reports [23–25,46], we observed a significant reduction
in PI3 gene expression in PBMCs of asthma patients, particularly in AA, while serum
protein levels showed no significant differences but a slight tendency to increase in AA
(Figure 2B). Correlations with lung function parameters were weak, limited to a negative
correlation between serum PI3 and FVC.

DNA methylation analysis of five CpG sites in PI3 showed generally higher DNA
methylation in asthmatic patients compared to healthy controls (Figure 3B) but no signif-
icant correlation with gene expression, either individually or combined, suggesting that
DNA methylation is unlikely the primary regulator of PI3 in PBMCs. As for CHI3L1, we
search for Transcription factors and SNPs in the PI3 region studied. The PI3 amplicon analy-
ses also showed predicted binding sites for five transcription factors, four in CpG1— KLF16
(KLF transcription factor 16), SP3 (Sp3 transcription factor), KLF15 (KLF transcription factor
15), and SP9 (Sp9 transcription factor)—and one, FERD3L (Fer3 like bHLH transcription
factor), in the CpG5 site. Many of them have been associated with asthma regulation,
mainly SP3 [81–83] and KLF15 [84–87]. Interestingly, we found two SNPs in CpG3 and
CpG4 sites (Table S2).

This information should be analyzed in depth by functional studies to understand
their potential implication.

Limitations include the use of PBMCs, a heterogeneous cell population with variable
epigenetic patterns and cell composition changes associated with asthma that may affect
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DNA methylation analyses [88]. Grouping mild and moderate patients may also obscure
clear conclusions. Additionally, clinical stability, medication, and other factors (smoking,
obesity, environmental exposure) were not accounted for and should be addressed in future
studies. A longitudinal design with detailed clinical and environmental data and larger
cohorts would better clarify the role of these biomarkers.

In conclusion, our results support CHI3L1 and PI3 as gene biomarkers for allergic and
nonallergic asthma. However, the impact of DNA methylation on their expression remains
unclear. To our knowledge, this is the first study examining epigenetic DNA modifications
of PI3 in asthma. Further studies in larger, well-controlled populations are necessary to
elucidate the significance of these epigenetic mechanisms in respiratory diseases.

5. Conclusions
Our findings support previous evidence indicating altered expression of CHI3L1 and

PI3 in asthma, particularly at the gene level. While DNA methylation differences were
observed, especially for CHI3L1, their impact on gene regulation remains inconclusive. To
our knowledge, this is the first study to examine PI3 methylation in the context of asthma,
and although results are preliminary, they highlight the need for further research into
epigenetic regulation in asthma pathogenesis.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom15101363/s1, Table S1: SNPs and transcription factors associated with
the CpG sites near the CHI3L1 gene promoter; Table S2: SNPs and transcription factors associated
with the CpG sites studied near the PI3 gene promoter.

Author Contributions: S.B., L.C.-J. and B.C. have worked on all project steps, i.e., design of study,
experimental work, discussion of results, and drafting of the manuscript. M.Á.d.P., M.L.-R., R.F.-S.
and C.R.-A. collaborated in drafting the manuscript. J.Q., F.F., N.G.-M., M.J.R.-N., G.P.-B. and J.S.
selected patients and collaborated in the design of the study. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded in part by research grant PI17/01682, PI20/00903 and PI23/00524
cofunded by the European Union, CIBERES (ISCIII, 0013) and RETIC (RD09/0076/00101) from the
Instituto de Salud Carlos III (ISCIII) (Ministerio de Ciencia, Innovación y Universidades, Spain)
and in part, by the research grant Ayudas de la Sociedad Española de Alergia e Inmunología
Clínica (SEAIC). S. Baos was supported by PI17/01682. L. Cremades-Jimeno was supported by
Fundación Conchita Rábago, PI20/00903 and PI23/00524. M. López-Ramos was supported by a
contract from Comunidad de Madrid (PEJD-2019-PRE/BMD-16537, Sistema de Garantía Juvenil),
cofunded by Fondo Social Europeo (FSE) and Iniciativa de Empleo Juvenil (IEJ). M.Á. de Pedro was
supported by a contract from Comunidad de Madrid (PEJ-2017-AI/SAL-5938, Sistema de Garantía
Juvenil). R Fernández-Santamaría was supported by a contract Sara Borrell (CD23/00118) from the
Instituto de Salud Carlos III (ISCIII) (Ministerio de Ciencia, Innovación y Universidades, Spain).
C Rosales-Ariza was supported by a contract pFIS (FI24/00194) from the Instituto de Salud Carlos III
(ISCIII) (Ministerio de Ciencia, Innovación y Universidades, Spain).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of IIS-FJD-UAM
(PIC014-18_FJD, 23 April 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: We are grateful to I. Mahillo for their statistical support and P. Mínguez for their
bioinformatic support.

https://www.mdpi.com/article/10.3390/biom15101363/s1
https://www.mdpi.com/article/10.3390/biom15101363/s1


Biomolecules 2025, 15, 1363 15 of 18

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AA Allergic Asthmatic
FEV1 Forced expiratory volume in 1 s
FVC Forced vital capacity
GEMA Spanish Guidelines for the Management of Asthma
GINA Global Initiative for Asthma
HC Healthy control subject
NA Nonallergic Asthmatic
PBMCs Peripheral Blood Mononuclear Cells
T2 Type 2

References
1. GINA. Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. 2021. Available online: http://www.

ginasthma.org/ (accessed on 20 April 2021).
2. D’Amato, G.; Stanziola, A.; Sanduzzi, A.; Liccardi, G.; Salzillo, A.; Vitale, C.; Molino, A.; Vatrella, A.; D’Amato, M. Treating severe

allergic asthma with anti-IgE monoclonal antibody (omalizumab): A review. Multidiscip. Respir. Med. 2014, 9, 23. [CrossRef]
3. Holgate, S.T. Stratified approaches to the treatment of asthma. Br. J. Clin. Pharmacol. 2013, 76, 277–291. [CrossRef] [PubMed]
4. Pelaia, C.; Crimi, C.; Vatrella, A.; Tinello, C.; Terracciano, R.; Pelaia, G. Molecular Targets for Biological Therapies of Severe

Asthma. Front. Immunol. 2020, 11, 603312. [CrossRef] [PubMed]
5. Vatrella, A.; Maglio, A.; Pelaia, C.; Ciampo, L.; Pelaia, G.; Vitale, C. Eosinophilic inflammation: An Appealing Target for

Pharmacologic Treatments in Severe Asthma. Biomedicines 2022, 10, 2181. [CrossRef]
6. Couillard, S.; Pavord, I.D.; Heaney, L.G.; Petousi, N.; Hinks, T.S.C. Sub-stratification of type-2 high airway disease for therapeutic

decision-making: A ‘bomb’ (blood eosinophils) meets ‘magnet’ (FeNO) framework. Respirology 2022, 27, 573–577. [CrossRef]
7. Berry, A.; Busse, W.W. Biomarkers in asthmatic patients: Has their time come to direct treatment? J. Allergy Clin. Immunol. 2016,

137, 1317–1324. [CrossRef]
8. Parulekar, A.D.; Diamant, Z.; Hanania, N.A. Role of biologics targeting type 2 airway inflammation in asthma: What have we

learned so far? Curr. Opin. Pulm. Med. 2017, 23, 3–11. [CrossRef]
9. Chung, K.F. New treatments for severe treatment-resistant asthma: Targeting the right patient. Lancet Respir. Med. 2013, 1, 639–652.

[CrossRef]
10. Devries, A.; Vercelli, D. Epigenetics of human asthma and allergy: Promises to keep. Asian Pac. J. Allergy Immunol. 2013,

31, 183–189.
11. Karmaus, W.; Ziyab, A.H.; Everson, T.; Holloway, J.W. Epigenetic mechanisms and models in the origins of asthma. Curr. Opin.

Allergy Clin. Immunol. 2013, 13, 63–69. [CrossRef]
12. Blumenthal, M.N. Genetic, epigenetic, and environmental factors in asthma and allergy. Ann. Allergy Asthma Immunol. 2012,

108, 69–73. [CrossRef]
13. Berger, S.L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A. An operational definition of epigenetics. Genes Dev. 2009, 23, 781–783.

[CrossRef]
14. Potaczek, D.P.; Harb, H.; Michel, S.; Alhamwe, B.A.; Renz, H.; Tost, J. Epigenetics and allergy: From basic mechanisms to clinical

applications. Epigenomics 2017, 9, 539–571. [CrossRef]
15. Ptashne, M. On the use of the word ‘epigenetic’. Curr. Biol. 2007, 17, R233–R236. [CrossRef] [PubMed]
16. Legaki, E.; Arsenis, C.; Taka, S.; Papadopoulos, N.G. DNA methylation biomarkers in asthma and rhinitis: Are we there yet? Clin.

Transl. Allergy 2022, 12, e12131. [CrossRef] [PubMed]
17. Augustine, T.; Al-Aghbar, M.A.; Al-Kowari, M.; Espino-Guarch, M.; van Panhuys, N. Asthma and the Missing. Heritability

Problem: Necessity for Multiomics Approaches in Determining Accurate Risk Profiles. Front. Immunol. 2022, 13, 822324.
[CrossRef] [PubMed]

18. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]
19. Hudon Thibeault, A.A.; Laprise, C. Cell-Specific DNA Methylation Signatures in Asthma. Genes 2019, 10, 932. [CrossRef]
20. Cárdaba, B. Aspectos Genéticos, Ambientales y Epigenéticos de las Enfermedades Alérgicas. In Tratado de Alergología; Dávila, I.J.,

Jauregui, I., Olaguibel, J.M., Zubeldía, J.M., Eds.; Ergon: Madrid, Spain, 2015; pp. 81–100.
21. Long, A.; Bunning, B.; Sampath, V.; DeKruyff, R.H.; Nadeau, K.C. Epigenetics and the Environment in Airway Disease: Asthma

and Allergic Rhinitis. Adv. Exp. Med. Biol. 2020, 1253, 153–181. [CrossRef]

http://www.ginasthma.org/
http://www.ginasthma.org/
https://doi.org/10.1186/2049-6958-9-23
https://doi.org/10.1111/bcp.12036
https://www.ncbi.nlm.nih.gov/pubmed/23163316
https://doi.org/10.3389/fimmu.2020.603312
https://www.ncbi.nlm.nih.gov/pubmed/33329598
https://doi.org/10.3390/biomedicines10092181
https://doi.org/10.1111/resp.14294
https://doi.org/10.1016/j.jaci.2016.03.009
https://doi.org/10.1097/MCP.0000000000000343
https://doi.org/10.1016/S2213-2600(13)70128-0
https://doi.org/10.1097/ACI.0b013e32835ad0e7
https://doi.org/10.1016/j.anai.2011.12.003
https://doi.org/10.1101/gad.1787609
https://doi.org/10.2217/epi-2016-0162
https://doi.org/10.1016/j.cub.2007.02.030
https://www.ncbi.nlm.nih.gov/pubmed/17407749
https://doi.org/10.1002/clt2.12131
https://www.ncbi.nlm.nih.gov/pubmed/35344303
https://doi.org/10.3389/fimmu.2022.822324
https://www.ncbi.nlm.nih.gov/pubmed/35693821
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.3390/genes10110932
https://doi.org/10.1007/978-981-15-3449-2_6


Biomolecules 2025, 15, 1363 16 of 18

22. Baos, S.; Calzada, D.; Cremades-Jimeno, L.; Sastre, J.; Picado, C.; Quiralte, J.; Florido, F.; Lahoz, C.; Cárdaba, B. Nonallergic
Asthma and Its Severity: Biomarkers for Its Discrimination in Peripheral Samples. Front. Immunol. 2018, 9, 1416. [CrossRef]

23. Baos, S.; Calzada, D.; Cremades, L.; Sastre, J.; Quiralte, J.; Florido, F.; Lahoz, C.; Cárdaba, B. Biomarkers associated with disease
severity in allergic and nonallergic asthma. Mol. Immunol. 2017, 82, 34–45. [CrossRef]

24. Baos, S.; Calzada, D.; Cremades, L.; Sastre, J.; Quiralte, J.; Florido, F.; Lahoz, C.; Cárdaba, B. Data set on a study of gene expression
in peripheral samples to identify biomarkers of severity of allergic and nonallergic asthma. Data Brief 2016, 10, 505–510. [CrossRef]

25. Baos, S.; Calzada, D.; Cremades-Jimeno, L.; de Pedro, M.; Sastre, J.; Picado, C.; Quiralte, J.; Florido, F.; Lahoz, C.; Cárdaba,
B. Discriminatory Molecular Biomarkers of Allergic and Nonallergic Asthma and Its Severity. Front. Immunol. 2019, 10, 1051.
[CrossRef]

26. Choudhuri, S.; Sharma, C.; Banerjee, A.; Kumar, S.; Kumar, L.; Singh, N. A repertoire of biomarkers helps in detection and
assessment of therapeutic response in epithelial ovarian cancer. Mol. Cell. Biochem. 2014, 386, 259–269. [PubMed]

27. Zhao, T.; Su, Z.; Li, Y.; Zhang, X.; You, Q. Chitinase-3 like-protein-1 function and its role in diseases. Signal Transduct. Target. Ther.
2020, 5, 201. [CrossRef] [PubMed]

28. Bara, I.; Ozier, A.; Girodet, P.O.; Carvalho, G.; Cattiaux, J.; Begueret, H.; Thumerel, M.; Ousova, O.; Kolbeck, R.; Coyle, A.J.; et al.
Role of YKL-40 in bronchial smooth muscle remodeling in asthma. Am. J. Respir. Crit. Care Med. 2012, 185, 715–722. [CrossRef]
[PubMed]

29. Berres, M.L.; Papen, S.; Pauels, K.; Schmitz, P.; Moreno Zaldivar, M.; Hellerbrand, C.; Mueller, T.; Berg, T.; Weiskirchen, R.;
Trautwein, C.; et al. A functional variation in CHI3L1 is associated with severity of liver fibrosis and YKL-40 serum levels in
chronic hepatitis C infection. J. Hepatol. 2009, 50, 370–376. [CrossRef]

30. Gómez, J.L.; Crisafi, G.M.; Holm, C.T.; Meyers, D.A.; Hawkins, G.A.; Bleecker, E.R.; Jarjour, N.; Severe Asthma Research Program
(SARP) Investigators; Cohn, L.; Chupp, G.L. Genetic variation in chitinase 3-like 1 (CHI3L1) contributes to asthma severity and
airway expression of YKL-40. J. Allergy Clin. Immunol. 2015, 136, 51–58. [CrossRef]

31. Furuhashi, K.; Suda, T.; Nakamura, Y.; Inui, N.; Hashimoto, D.; Miwa, S.; Hayakawa, H.; Kusagaya, H.; Nakano, Y.; Nakamura,
H.; et al. Increased expression of YKL-40, a chitinase-like protein, in serum and lung of patients with idiopathic pulmonary
fibrosis. Respir. Med. 2010, 104, 1204–1210. [CrossRef]

32. Harvey, S.; Weisman, M.; O‘Dell, J.; Scott, T.; Krusemeier, M.; Visor, J.; Swindlehurst, C. Chondrex: New marker of joint disease.
Clin. Chem. 1998, 44, 509–516. [CrossRef]

33. Zheng, J.L.; Lu, L.; Hu, J.; Zhang, R.Y.; Zhang, Q.; Chen, Q.J.; Shen, W.F. Increased serum YKL-40 and C-reactive protein levels
are associated with angiographic lesion progression in patients with coronary artery disease. Atherosclerosis 2010, 210, 590–595.
[CrossRef] [PubMed]

34. Hattori, N.; Oda, S.; Sadahiro, T.; Nakamura, M.; Abe, R.; Shinozaki, K.; Nomura, F.; Tomonaga, T.; Matsushita, K.; Kodera, Y.;
et al. YKL-40 identified by proteomic analysis as a biomarker of sepsis. Shock 2009, 32, 393–400. [CrossRef] [PubMed]

35. Rathcke, C.N.; Vestergaard, H. YKL-40—An emerging biomarker in cardiovascular disease and diabetes. Cardiovasc. Diabetol.
2009, 8, 61. [CrossRef] [PubMed]

36. Seol, H.J.; Lee, E.S.; Jung, S.E.; Jeong, N.H.; Lim, J.E.; Park, S.H.; Hong, S.C.; Oh, M.J.; Kim, H.J. Serum levels of YKL-40 and
interleukin-18 and their relationship to disease severity in patients with preeclampsia. J. Reprod. Immunol. 2009, 79, 183–187.
[CrossRef]

37. Letuve, S.; Kozhich, A.; Arouche, N.; Grandsaigne, M.; Reed, J.; Dombret, M.C.; Kiener, P.A.; Aubier, M.; Coyle, A.J.; Pretolani, M.
YKL-40 is elevated in patients with chronic obstructive pulmonary disease and activates alveolar macrophages. J. Immunol. 2008,
181, 5167–5173. [CrossRef]

38. Lai, T.; Wu, D.; Chen, M.; Cao, C.; Jing, Z.; Huang, L.; Lv, Y.; Zhao, X.; Lv, Q.; Wang, Y.; et al. YKL-40 expression in chronic
obstructive pulmonary disease: Relation to acute exacerbations and airway remodeling. Respir. Res. 2016, 17, 31. [CrossRef]

39. Lee, C.G.; Da Silva, C.A.; De la Cruz, C.S.; Ahangari, F.; Ma, B.; Kang, M.J.; He, C.; Takyar, S.; Elias, J.A. Role of chitin and
chitinase/chitinase-like proteins in inflammation, tissue remodeling, and injury. Annu. Rev. Physiol. 2011, 73, 479–501. [CrossRef]

40. Leonardi, S.; Parisi, G.F.; Capizzi, A.; Manti, S.; Cuppari, C.; Scuderi, M.G.; Rotolo, N.; Lanzafame, A.; Musumeci, M.; Salpietro, C.
YKL-40 as marker of severe lung disease in cystic fibrosis patients. J. Cyst. Fibros. 2016, 15, 583–586. [CrossRef]

41. Pan, R.; Li, Q.; Zhu, X.; Zhou, Y.; Ding, L.; Cui, Y. Diagnostic value of YKL-40 for patients with asthma: A meta-analysis. Allergy
Asthma Proc. 2021, 42, e167–e173. [CrossRef]

42. Sallenave, J.M.; Ryle, A.P. Purification and characterization of elastase-specific inhibitor. Sequence homology with mucus
proteinase inhibitor. Biol. Chem. Hoppe-Seyler 1991, 372, 13–21. [CrossRef]

43. Shanahan, F.; Collins, S.M. Pharmabiotic manipulation of the microbiota in gastrointestinal disorders, from rationale to reality.
Gastroenterol. Clin. N. Am. 2010, 39, 721–726. [CrossRef]

44. Sallenave, J.M. Secretory leukocyte protease inhibitor and Elafin/ Trappin-2: Versatile mucosal antimicrobials and regulators of
immunity. Am. J. Respir. Cell Mol. Biol. 2010, 42, 635–643. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2018.01416
https://doi.org/10.1016/j.molimm.2016.12.012
https://doi.org/10.1016/j.dib.2016.12.035
https://doi.org/10.3389/fimmu.2019.01051
https://www.ncbi.nlm.nih.gov/pubmed/24141793
https://doi.org/10.1038/s41392-020-00303-7
https://www.ncbi.nlm.nih.gov/pubmed/32929074
https://doi.org/10.1164/rccm.201105-0915oc
https://www.ncbi.nlm.nih.gov/pubmed/22281830
https://doi.org/10.1016/j.jhep.2008.09.016
https://doi.org/10.1016/j.jaci.2014.11.027
https://doi.org/10.1016/j.rmed.2010.02.026
https://doi.org/10.1093/clinchem/44.3.509
https://doi.org/10.1016/j.atherosclerosis.2009.12.016
https://www.ncbi.nlm.nih.gov/pubmed/20056225
https://doi.org/10.1097/SHK.0b013e31819e2c0c
https://www.ncbi.nlm.nih.gov/pubmed/19197227
https://doi.org/10.1186/1475-2840-8-61
https://www.ncbi.nlm.nih.gov/pubmed/19930630
https://doi.org/10.1016/j.jri.2008.10.003
https://doi.org/10.4049/jimmunol.181.7.5167
https://doi.org/10.1186/s12931-016-0338-3
https://doi.org/10.1146/annurev-physiol-012110-142250
https://doi.org/10.1016/j.jcf.2015.12.020
https://doi.org/10.2500/aap.2021.42.210078
https://doi.org/10.1515/bchm3.1991.372.1.13
https://doi.org/10.1016/j.gtc.2010.08.006
https://doi.org/10.1165/rcmb.2010-0095RT
https://www.ncbi.nlm.nih.gov/pubmed/20395631


Biomolecules 2025, 15, 1363 17 of 18

45. Verriera, T.; Solhonneb, B.; Sallenave, J.M.; Garcia-Verdugo, I. The WAP protein Trappin-2/Elafin: A handyman in the regulation
of inflammatory and immune responses. Int. J. Biochem. Cell Biol. 2012, 44, 1377–1380. [CrossRef] [PubMed]

46. Tsai, Y.S.; Tseng, Y.T.; Chen, P.S.; Lin, M.C.; Wu, C.C.; Huang, M.S.; Wang, C.C.; Chen, K.S.; Lin, Y.C.; Wang, T.N. Protective effects
of elafin against adult asthma. Allergy Asthma Proc. 2016, 37, e15–e24. [CrossRef] [PubMed]

47. Plaza Moral, V.; Comité Ejecutivo de GEMA. GEMA (4.0) Guidelines for asthma management. Arch. Bronconeumol. 2015, 51
(Suppl. S1), 2–54. [CrossRef]

48. Junker, N.; Johansen, J.S.; Andersen, C.B.; Kristjansen, P.E. Expression of YKL-40 by peritumoral macrophages in human small
cell lung cancer. Lung Cancer 2005, 48, 223–231. [CrossRef]

49. Recklies, A.D.; White, C.; Ling, H. The chitinase 3-like protein human cartilage glycoprotein 39 (HC-gp39) stimulates proliferation
of human connective-tissue cells and activates both extracellular signal-regulated kinae and protein kinase B-mediated signalling
pathways. Biochem. J. 2002, 365, 119–126. [CrossRef]

50. Junker, N.; Johansen, J.S.; Hansen, L.T.; Lund, E.L.; Kristjansen, P.E. Regulation of YKL-40 expression during genotoxic or
microenvironmental stress in human glioblastoma cells. Cancer Sci. 2005, 96, 183–190. [CrossRef]

51. Bonneh-Barkay, D.; Bissel, S.J.; Wang, G.; Fish, K.N.; Nicholl, G.C.B.; Darko, S.W.; Medina-Flores, R.; Murphey-Corb, M.;
Rajakumar, P.A.; Nyaundi, J.; et al. YKL-40, a marker of simian immunodeficiency virus encephalitis, modulates the biological
activity of basic fibroblast growth factor. Am. J. Pathol. 2008, 173, 130–143. [CrossRef]

52. Renkema, G.H.; Boot, R.G.; Au, F.L.; Donker-Koopman, W.E.; Strijland, A.; Muijsers, A.O.; Hrebicek, M.; Aerts, J.M. Chitotriosi-
dase, a chitinase, and the 39-kDa human cartilage glycoprotein, a chitin-binding lectin, are homologues of family 18 glycosyl
hydrolases secreted by human macrophages. Eur. J. Biochem. 1998, 251, 504–509. [CrossRef]

53. Gorgens, S.W.; Eckardt, K.; Elsen, M.; Tennagels, N.; Eckel, J. Chitinase-3-like protein 1 protects skeletal muscle from TNFalpha-
induced inflammation and insulin resistance. Biochem. J. 2014, 459, 479–488. [CrossRef]

54. Kim, D.H.; Park, H.J.; Lim, S.; Koo, J.H.; Lee, H.G.; Choi, J.O.; Oh, J.H.; Ha, S.J.; Kang, M.J.; Lee, C.M.; et al. Regulation of
chitinase-3-like-1 in T cell elicits Th1 and cytotoxic responses to inhibit lung metastasis. Nat. Commun. 2018, 9, 503. [CrossRef]

55. Lee, C.G.; Hartl, D.; Lee, G.R.; Koller, B.; Matsuura, H.; Da Silva, C.A.; Sohn, M.H.; Cohn, L.; Homer, R.J.; Kozhich, A.A.; et al.
Role of breast regression protein 39 (BRP-39)/chitinase 3-like-1 in Th2 and IL-13-induced tissue responses and apoptosis. J. Exp.
Med. 2009, 206, 1149–1166.

56. Tang, H.; Sun, Y.; Shi, Z.; Huang, H.; Fang, Z.; Chen, J.; Xiu, Q.; Li, B. YKL-40 induces IL-8 expression from bronchial epithelium
via MAPK (JNK and ERK) and NF-kappa B pathways, causing bronchial smooth muscle proliferation and migration. J. Immunol.
2013, 190, 438–446.

57. Elias, J.A.; Homer, R.J.; Hamid, Q.; Lee, C.G. Chitinases and chitinase-like proteins in T(H)2 inflammation and asthma. J. Allergy
Clin. Immunol. 2005, 116, 497–500. [CrossRef]

58. Xu, Q.; Chai, S.J.; Qian, Y.Y.; Zhang, M.; Wang, K. Breast regression protein-39 (BRP-39) promotes dendritic cell maturation
in vitro and enhances Th2 inflammation in murine model of asthma. Acta Pharmacol. Sin. 2012, 33, 1525–1532. [CrossRef]

59. Gómez, J.L.; Yan, X.; Holm, C.T.; Grant, N.; Liu, Q.; Cohn, L.; Nezgovorova, V.; Meyers, D.A.; Bleecker, E.R.; Crisafi, G.M.; et al.
Characterisation of asthma subgroups associated with circulating YKL-40 levels. Eur. Respir. J. 2017, 50, 1700800. [CrossRef]
[PubMed]

60. James, A.J.; Reinius, L.E.; Verhoek, M.; Gomes, A.; Kupczyk, M.; Hammar, U.; Ono, J.; Ohta, S.; Izuhara, K.; Bel, E.; et al.
Increased YKL-40 and Chitotriosidase in asthma and chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2016,
193, 131–142. [CrossRef]

61. Liu, L.; Xin Zhang, X.; Ying Liu, Y.; Zhang, L.; Zheng, J.; Wang, J.; Hansbro, P.M.; Wang, L.; Wang, G.; Hsu, A.C.Y. Chitinase-like
protein YKL-40 correlates with inflammatory phenotypes, anti-asthma responsiveness and future exacerbations. Respir. Res. 2019,
20, 95. [CrossRef] [PubMed]

62. Kimura, H.; Shimizu, K.; Tanabe, N.; Makita, H.; Taniguchi, N.; Kimura, H.; Suzuki, M.; Abe, Y.; Matsumoto-Sasaki, M.; Oguma,
A.; et al. Further evidence for association of YKL-40 with severe asthma airway remodeling. Ann. Allergy Asthma Immunol. 2022,
128, 682–688.e5. [CrossRef] [PubMed]

63. Ober, C.; Tan, Z.; Sun, Y.; Possick, J.D.; Pan, L.; Nicolae, R.; Radford, S.; Parry, R.R.; Heinzmann, A.; Deichmann, K.A.; et al. Effect
of variation in CHI3L1 on serum YKL-40 level, risk of asthma, and lung function. N. Engl. J. Med. 2008, 358, 1682–1691. [CrossRef]

64. Konradsen, J.R.; James, A.; Nordlund, B.; Reinius, L.E.; Söderhäll, C.; Melén, E.; Wheelock, Å.; Carlsen, K.C.L.; Lidegran, M.;
Verhoek, M.; et al. The chitinase-like protein YKL-40: A possible biomarker of inflammation and airway remodeling in severe
pediatric asthma. J. Allergy Clin. Immunol. 2013, 132, 328–335. [CrossRef]

65. Tsai, Y.; Ko, Y.; Huang, M.; Lin, M.; Wu, C.; Wang, C.; Chen, Y.; Li, J.; Tseng, Y.; Wang, T. CHI3L1 polymorphisms associate with
asthma in a Taiwanese population. BMC Med. Genet. 2014, 15, 86. [CrossRef] [PubMed]

66. Huang, Q.-P.; Xie, Z.F.; Huang, J. Assessment of the Association between Genetic Polymorphisms in the CHI3L1 Gene and
Asthma Risk. Int. Arch. Allergy Immunol. 2022, 183, 907–918. [CrossRef] [PubMed]

67. Specjalski, K.; Jassem, E. YKL-40 protein is a marker of asthma. J. Asthma 2011, 48, 767–772. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biocel.2012.05.007
https://www.ncbi.nlm.nih.gov/pubmed/22634606
https://doi.org/10.2500/aap.2016.37.3932
https://www.ncbi.nlm.nih.gov/pubmed/26932165
https://doi.org/10.1016/S0300-2896(15)32812-X
https://doi.org/10.1016/j.lungcan.2004.11.011
https://doi.org/10.1042/bj20020075
https://doi.org/10.1111/j.1349-7006.2005.00026.x
https://doi.org/10.2353/ajpath.2008.080045
https://doi.org/10.1046/j.1432-1327.1998.2510504.x
https://doi.org/10.1042/BJ20131151
https://doi.org/10.1038/s41467-017-02731-6
https://doi.org/10.1016/j.jaci.2005.06.028
https://doi.org/10.1038/aps.2012.154
https://doi.org/10.1183/13993003.00800-2017
https://www.ncbi.nlm.nih.gov/pubmed/29025889
https://doi.org/10.1164/rccm.201504-0760OC
https://doi.org/10.1186/s12931-019-1051-9
https://www.ncbi.nlm.nih.gov/pubmed/31113430
https://doi.org/10.1016/j.anai.2022.03.016
https://www.ncbi.nlm.nih.gov/pubmed/35342020
https://doi.org/10.1056/NEJMoa0708801
https://doi.org/10.1016/j.jaci.2013.03.003
https://doi.org/10.1186/1471-2350-15-86
https://www.ncbi.nlm.nih.gov/pubmed/25056157
https://doi.org/10.1159/000522393
https://www.ncbi.nlm.nih.gov/pubmed/35340006
https://doi.org/10.3109/02770903.2011.611955
https://www.ncbi.nlm.nih.gov/pubmed/21899483


Biomolecules 2025, 15, 1363 18 of 18

68. Sohn, M.H.; Lee, J.H.; Kim, K.W.; Kim, S.W.; Lee, S.H.; Kim, K.E.; Kim, K.H.; Lee, C.G.; Elias, J.A.; Lee, M.G. Genetic variation in
the promoter region of chitinase 3-like 1 is associated with atopy. Am. J. Respir. Crit. Care Med. 2009, 179, 449–456. [CrossRef]

69. Guerra, S.; Melén, E.; Sunyer, J.; Xu, C.-J.; Lavi, I.; Benet, M.; Bustamante, M.; Carsin, A.-E.; Dobaño, C.; Guxens, M.; et al. Genetic
and epigenetic regulation of YKL-40 in childhood. J. Allergy Clin. Immunol. 2018, 141, 1105–1114. [CrossRef]

70. Chupp, G.L.; Lee, C.G.; Jarjour, N.; Shim, Y.M.; Holm, C.T.; He, S.; Dziura, J.D.; Reed, J.; Coyle, A.J.; Kiener, P.; et al. A
chitinase-like protein in the lung and circulation of patients with severe asthma. N. Engl. J. Med. 2007, 357, 2016–2027. [CrossRef]

71. Lai, T.; Chen, M.; Deng, Z.; Yingying, L.; Wu, D.; Li, D.; Wu, B. YKL-40 is correlated with FEV1 and the asthma control test (ACT)
in asthmatic patients: Influence of treatment. BMC Pulm. Med. 2015, 15, 1. [CrossRef]

72. Agardh, E.; Lundstig, A.; Perfilyev, A.; Volkov, P.; Freiburghaus, T.; Lindholm, E.; Rönn, T.; Agardh, C.D.; Ling, C. Genome-wide
analysis of DNA methylation in subjects with type 1 diabetes identifies epigenetic modifications associated with proliferative
diabetic retinopathy. BMC Med. 2015, 13, 182. [CrossRef]

73. Tang, Y.; Qing, C.; Wang, J.; Zeng, Z. DNA Methylation-based Diagnostic and Prognostic Biomarkers for Glioblastoma. Cell
Transplant. 2020, 29, 963689720933241. [CrossRef]

74. Priya Nemani, S.S.; Vermeulen, C.J.; Pech, M.; Faiz, A.; Oliver, B.G.G.; van den Berge, M.; Burgess, J.K.; Kopp, M.V.; Weckmann,
M. COL4A3 expression in asthmatic epithelium depends on intronic methylation and ZNF263 binding. ERJ Open Res. 2021,
7, 00802-2020. [CrossRef]

75. Poachanukoon, O.; Roytrakul, S.; Koontongkaew, S. A shotgun proteomic approach reveals novel potential salivary protein
biomarkers for asthma. J. Asthma 2022, 59, 243–254. [CrossRef] [PubMed]

76. Turan, N.; van der Veen, T.A.; Draijer, C.; Fattahi, F.; Ten Hacken, N.H.; Timens, W.; van Oosterhout, A.J.; van den Berge,
M.; Melgert, B.N. Neutrophilic Asthma Is Associated With Smoking, High Numbers of IRF5+, and Low Numbers of IL10+
Macrophages. Front. Allergy 2021, 21, 676930. [CrossRef] [PubMed]

77. Albers, G.J.; Iwasaki, J.; McErlean, P.; Ogger, P.P.; Ghai, P.; Khoyratty, T.E.; Udalova, I.A.; Lloyd, C.M.; Byrne, A.J. IRF5 regulates
airway macrophage metabolic responses. Clin. Exp. Immunol. 2021, 204, 134–143. [CrossRef] [PubMed]

78. Oriss, T.B.; Raundhal, M.; Morse, C.; Huff, R.E.; Das, S.; Hannum, R.; Gauthier, M.C.; Scholl, K.L.; Chakraborty, K.; Nouraie, S.M.;
et al. IRF5 distinguishes severe asthma in humans and drives Th1 phenotype and airway hyperreactivity in mice. JCI Insight 2017,
18, e91019. [CrossRef]

79. Draijer, C.; Boorsma, C.E.; Robbe, P.; Timens, W.; Hylkema, M.N.; Ten Hacken, N.H.; van den Berge, M.; Postma, D.S.; Melgert,
B.N. Human asthma is characterized by more IRF5+ M1 and CD206+ M2 macrophages and less IL-10+ M2-like macrophages
around airways compared with healthy airways. J. Allergy Clin. Immunol. 2017, 140, 280–283.e3. [CrossRef]

80. Ruiz García, S.; Deprez, M.; Lebrigand, K.; Cavard, A.; Paquet, A.; Arguel, M.J.; Magnone, V.; Truchi, M.; Caballero, I.; Leroy, S.;
et al. Novel dynamics of human mucociliary differentiation revealed by single-cell RNA sequencing of nasal epithelial cultures.
Development 2019, 146, dev177428. [CrossRef]

81. Liang, Q.; Fu, J.; Wang, X.; Liu, L.; Xiao, W.; Gao, Y.; Yang, L.; Yu, H.; Xie, X.; Tu, Z.; et al. circS100A11 enhances M2a macrophage
activation and lung inflammation in children with asthma. Allergy 2023, 78, 1459–1472. [CrossRef]

82. Schlag, K.; Steinhilber, D.; Karas, M.; Sorg, B.L. Analysis of proximal ALOX5 promoter binding proteins by quantitative proteomics.
FEBS J. 2020, 287, 4481–4499. [CrossRef]

83. Steinke, J.W.; Barekzi, E.; Hagman, J.; Borish, L. Functional analysis of -571 IL-10 promoter polymorphism reveals a repressor
element controlled by sp1. J. Immunol. 2004, 173, 3215–3222. [CrossRef] [PubMed]

84. Liu, B.; Wang, J.; Ren, Z. SKP2-Promoted Ubiquitination of FOXO3 Promotes the Development of Asthma. J. Immunol. 2021, 206,
2366–2375. [CrossRef] [PubMed]

85. Zheng, X.; Wang, L.; Zhang, Z.; Tang, H. The emerging roles of SUMOylation in pulmonary diseases. Mol. Med. 2023, 29, 119.
[CrossRef] [PubMed]

86. Sasse, S.K.; Kadiyala, V.; Danhorn, T.; Panettieri, R.A., Jr.; Phang, T.L.; Gerber, A.N. Glucocorticoid Receptor ChIP-Seq Identifies
PLCD1 as a KLF15 Target that Represses Airway Smooth Muscle Hypertrophy. Am. J. Respir. Cell. Mol. Biol. 2017, 57, 226–237.
[CrossRef]

87. Masuno, K.; Haldar, S.M.; Jeyaraj, D.; Mailloux, C.M.; Huang, X.; Panettieri, R.A., Jr.; Jain, M.K.; Gerber, A.N. Expression
profiling identifies Klf15 as a glucocorticoid target that regulates airway hyperresponsiveness. Am. J. Respir. Cell. Mol. Biol. 2011,
45, 642–649. [CrossRef]

88. Pinart, M.; Benet, M.; Annesi-Maesano, I.; von Berg, A.; Berdel, D.; Carlsen, K.C.; Carlsen, K.H.; Bindslev-Jensen, C.; Eller, E.;
Fantini, M.P.; et al. Comorbidity of eczema, rhinitis, and asthma in IgE-sensitised and non-IgE-sensitised children in MeDALL: A
population-based cohort study. Lancet Respir. Med. 2014, 2, 131–140. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1164/rccm.200809-1422OC
https://doi.org/10.1016/j.jaci.2017.06.030
https://doi.org/10.1056/NEJMoa073600
https://doi.org/10.1186/1471-2466-15-1
https://doi.org/10.1186/s12916-015-0421-5
https://doi.org/10.1177/0963689720933241
https://doi.org/10.1183/23120541.00802-2020
https://doi.org/10.1080/02770903.2020.1850773
https://www.ncbi.nlm.nih.gov/pubmed/33211619
https://doi.org/10.3389/falgy.2021.676930
https://www.ncbi.nlm.nih.gov/pubmed/35387061
https://doi.org/10.1111/cei.13573
https://www.ncbi.nlm.nih.gov/pubmed/33423291
https://doi.org/10.1172/jci.insight.91019
https://doi.org/10.1016/j.jaci.2016.11.020
https://doi.org/10.1242/dev.177428
https://doi.org/10.1111/all.15515
https://doi.org/10.1111/febs.15259
https://doi.org/10.4049/jimmunol.173.5.3215
https://www.ncbi.nlm.nih.gov/pubmed/15322183
https://doi.org/10.4049/jimmunol.2000387
https://www.ncbi.nlm.nih.gov/pubmed/33837090
https://doi.org/10.1186/s10020-023-00719-1
https://www.ncbi.nlm.nih.gov/pubmed/37670258
https://doi.org/10.1165/rcmb.2016-0357OC
https://doi.org/10.1165/rcmb.2010-0369OC
https://doi.org/10.1016/S2213-2600(13)70277-7

	Introduction 
	Materials and Methods 
	Study Design and Subjects 
	Isolation of Peripheral Blood Mononuclear Cells (PBMCs), RNA, and DNA Extraction 
	Gene Selection 
	Differential Gene Expression Analysis by RT-qPCR 
	Measurement of CHI3L1 and PI3 Protein Levels 
	Epigenetic Study by DNA Methylation Analysis 
	Statistical Analysis 

	Results 
	Subjects 
	CHI3L1 and PI3 Gene and Protein Expression, and DNA Methylation Analysis 
	Gene and Protein Expression of CHI3L1 and PI3 
	DNA Methylation Analysis of CHI3L1 and PI3 
	Correlation of CHI3L1 and PI3 Expression with DNA Methylation and Clinical Parameters 


	Discussion 
	CHI3L1: Expression, Protein Levels, and DNA Methylation 
	PI3: Expression, Protein Levels, and DNA Methylation 

	Conclusions 
	References

