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Background: Asthma is the most prevalent chronic inflammatory airway disease in children, with increasing incidence and
prevalence. Ephrin type-A receptor 2 (EphA2) belongs to the Ephrin (Eph) family. It is predominantly found in bronchial epithelial
cells and may play a potential role in mediating airway inflammation in asthma. However, this study aimed to evaluate the association
between a novel biomarker, EphA2, in two distinct pediatric asthma populations stratified by disease severity.

Materials and Methods: Serum levels of interleukins (IL-1p, IL-4, IL-6, IL-8, IL-13), tumor necrosis factor-o. (TNF-a), transform-
ing growth factor-fl1 (TGF-B1), matrix metalloproteinase (MMP-2 and MMP-9), and EphA2 were measured by ELISA in all
participants. In addition, blood eosinophil counts, Total IgE levels and exhaled nitric oxide (FeNO) levels were evaluated.

Results: Serum EphA2 levels in patients with asthma (n=195) were significantly higher than those in healthy controls (n=120), and
the levels were notably elevated in patients with severe asthma (n=82) than in those with mild-moderate asthma (n=113). Receiver
Operating Characteristic (ROC) curve analysis revealed that the ideal threshold for serum EphA2 was 324.76 pg/mL. This cutoff point
demonstrated a sensitivity of 88.7% and a specificity of 92.5%, yielding an Area Under the Curve (AUC) of 0.959. Further correlative
analysis indicated that serum EphA2 level was negatively correlated with forced expiratory volume in 1 second (FEV1) (r=—0.376,
P<0.001), the ratio of FEV1 to forced vital capacity (FVC) (r=—0.476, P<0.001), and peak expiratory flow (PEF) (r=—0.699, P<0.001).
Furthermore, we observed that serum EphA2 positively correlated with Eosinophil count (r=0.227, P=0.001), Total IgE (r=0.715,
P<0.001), FeNO (r=0.560, P<0.001), IL-1B (r=0.423, P<0.001), IL-4 (r=0.314, P<0.001), IL-6 (r=0.625, P<0.001), IL-8 (r=0.628,
P<0.001), IL-13 (r=0.569, P<0.001), TNF-a (r=0.562, P<0.001), TGF-B1 (r=0.535, P<0.001), MMP-2 (r=0.273, P<0.001), and MMP-
9 (r=0.266, P<0.001) in all asthma patients.

Conclusion: Our research suggests that EphA2 might be a valuable marker for assessing the risk of exacerbation, inflammation of the
airways, and airway remodelling in asthma patients.
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Introduction
Asthma is a complex condition that presents with a variety of respiratory symptoms, including coughing, chest tightness,
wheezing, and shortness of breath (dyspnea). A significant feature of asthma is airway remodeling.' This condition has
become a major global public health concern, affecting approximately 300 million people worldwide and resulting in
substantial medical and financial burdens.” Additionally, asthma is primarily caused by an allergic response that is closely
related to the differentiation of T lymphocytes and production of cytokines.>* The causes of asthma are complex, and
airway remodeling is a vital aspect of the disease.” However, among the various treatment options available, glucocorti-
coids (GCs) are essential for managing asthma because of their strong anti-inflammatory effects. However, some patients
may develop resistance to GCs, and long-term use of these medications can lead to serious side effects.® Therefore, it is
crucial to investigate the underlying mechanisms of asthma, particularly focusing on airway inflammation and remodel-
ing, to develop more effective treatment strategies.’

Ephrin (Eph) receptors represent the most significant family of tyrosine kinase receptors, and play a crucial role in
cellular communication in conjunction with ephrin ligands. The interactions between Eph receptors and ephrin ligands
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influence the pathogenesis of various conditions, including wound healing, ischemia-reperfusion injury, nerve damage,
endothelial impairment, and epithelial damage.g*11 Furthermore, Eph receptors and ephrin ligands regulate critical
processes during embryonic neuronal development, angiogenesis, and oncogenesis.®'! Recently, numerous investigations
have focused on the intricate roles of Eph and ephrin in cancerous conditions.'*'? According to various studies, EphA2
receptor and ephrinAl ligand also modulate inflammatory responses through the mechanism of vascular endothelial
injury. In an in vivo investigation conducted in rats, ephrin Al induced histological disruption of the endothelium in the
pulmonary tissue. Simultaneously, the inhibition of EphA2 signaling significantly diminished the albumin leakage.®'"-'*
An additional study revealed that activation of EphA2 prompted the expression of vascular cell adhesion molecule-1 and
E-selectin.'” The EphA2 receptor may be implicated in sepsis owing to its pivotal role that endothelial injury plays in the
pathophysiology of sepsis.'® In this study, we hypothesized that EphA2 protein might be significantly linked to the
severity of asthma in children, potentially making it a crucial area of research. Therefore, the present study explored the
clinical relevance of serum EphA2 levels in differentiating between children patients with asthma and healthy controls.

Patients and Method

Study Population

A total of 315 subjects (195 patients with asthma and 120 healthy controls) from the Department of Pediatrics in our
Hospital were enrolled between January 2022 and June 2024. The diagnosis of asthma was based on the following
criteria: typical symptoms and confirmed variable expiratory airflow limitations that were proposed by “Global Initiative
for Asthma”.!” Asthma severity status was assessed according to the measured lung function results, and all asthmatic
children were further divided into mild-moderate (n=113) and severe (n=82) subgroups. (1) Mild-moderate subgroup:
Pulmonary function test showed that the forced expiratory volume in one second (FEV1) or maximum expiratory flow
(PEF) was greater than 60% of the normal expected value (2) Severe subgroup: FEV1 or PEF was less than 60% of the
normal expected value. The exclusion criteria were as follows: (1) children who experienced upper respiratory tract
infection; (2) children who received systemic corticosteroid treatment within 8 weeks; (3) children with critically ill
graded asthma; (4) shortness of breath, wheezing, and coughing caused by other reasons; and (5) rheumatoid arthritis or
allergic rhinitis. The control group included children who underwent routine physical examinations with matched age and
genders. The research procedure complied with the Helsinki Declaration and was approved by the Medical Ethics
Committee of the Pudong New Area People’s Hospital.

Clinical Data Collection
Complete clinical and laboratory data of the enrolled patients after admission were collected, including age, gender, body
mass index (BMI), and duration of asthma. Portable spirometry was used to monitor lung function parameters, such as
forced expiratory volume in one second (FEV1), forced vital capacity (FVC), and peak expiratory flow rate (PEF). The
FEV1/FVC ratio was calculated.

Enzyme-Linked Immunosorbent Assay

Fasting venous blood samples (5 mL) were collected from all the participants. Enzyme-linked immunosorbent assay
(ELISA) was used to measure the levels of interleukin (IL)-18 (DLB50, R&D Systems), IL-4 (D4050, R&D Systems),
IL-6 (D6050B, R&D Systems), IL-8 (SEKH-0016, Solarbio), IL-13 (SEKH-0022, Solarbio), TNF-a (DTA00D, R&D
Systems), TGF-B1 (ml022522, Shanghai Enzyme-linked Biotechnology), MMP-2 (MMP200, R&D Systems), MMP-9
(DMP900, R&D Systems), and EphA2 (ml038095, Shanghai Enzyme-linked Biotechnology) in the serum of all study
participants.

Statistical Analysis

All statistical analyses were performed using SPSS software 20.0. Data are displayed as mean + standard deviation (SD)
for continuous variables and as frequency (percentage) for categorical variables. Normality tests were performed using
the Shapiro—Wilk test for all the continuous variables of interest. The comparison between two groups was analyzed
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using the Student’s #-test or Mann—Whitney U-test when the normal distribution was not satisfied. The comparison
between three groups was analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, or by
Kruskal-Wallis tests when the normal distribution is not satisfied. Pearson’s correlation analysis was conducted to assess
the association between EphA2 and other continuous variables. ROC curve analysis was performed to evaluate the
diagnostic value of serum EphA2 levels in children with asthma and healthy controls. P<0.05 was considered statistically
significant.

Results

Baseline Characteristics of the Investigation

The investigation used a comprehensive method to compare patients with mild-moderate and severe asthma to healthy
controls. The results from the Student’s ¢-test indicated that mild-moderate and severe asthma patients exhibited
significantly higher levels of various health indicators, including the duration of asthma (years), eosinophil count, total
immunoglobulin E (IgE), fractional exhaled nitric oxide (FeNO), Interleukin-1 beta (IL-1p), IL-4, IL-6, IL-8, IL-13,
tumor necrosis factor-alpha (TNF-a), transforming growth factor-beta 1 (TGF-B1), matrix metalloproteinase 2 (MMP-2),
MMP-9, and EphA2 compared to healthy controls. In contrast, levels of forced expiratory volume in 1 second (FEV1),
the ratio of FEV1 to forced vital capacity (FVC), and peak expiratory flow (PEF) were significantly lower (P<0.05), as
shown in Table 1. However, there were no significant differences between the mild-moderate and severe asthma patients
to healthy controls in terms of age, gender, and body mass index (BMI) (P<0.05).

ELISA testing was used to measure the serum levels of EphA2 in patients with asthma (n=195) and healthy controls
(n=120). We further divided all asthmatic children into mild-moderate (n=113) and severe (n=82) subgroups. We
compared serum EphA2 levels among the healthy controls (n=120), mild-moderate (n=113), and severe (n=82). We
observed that EphA2 levels were significantly elevated in both the mild-moderate and severe groups compared to the

Table | Characteristics of the Healthy Controls and Subjects with Mild-Moderate and
Severe Asthma

Variables Controls Asthma (n = 195) P-Value
(n=120) i
Mild-Moderate Severe
(n=113) (n = 82)
Age (years) 6.9412.13 727191 7.37+1.82 0.264
Gender (male, %) 65 (54.2%) 68 (60.2%) 48 (58.5%) 0.634
BMI (kg/m?) 19.19£2.07 19.03£1.91 19.36%1.65 0.606
Duration (years) 0 2.45+0.69 2.74+0.69 <0.001
FEVI (L) 2.11+0.36 1.8240.30 1.59£0.18 <0.001
FEVI/FVC (%) 84.00+4.66 76.95+4.10 72.80+3.29 <0.001
PEF (L/min) 85.15+2.60 70.11+2.86 62.77+3.51 <0.001
Eosinophil count (per/uL) 152.294£27.92 479.07+83.70 527.82+82.63 <0.001
Total IgE (IU/mL) 134.05+22.30 191.34£22.05 282.90+43.62 <0.001
FeNO (ppb) 21.91+3.25 32.43%3.59 40.50+5.22 <0.001
IL-1B (pg/mL) 56.29+7.18 104.94+13.07 125.35£18.82 <0.001
IL-4 (pg/mL) 45.71+6.44 74.26+8.34 78.70+8.77 <0.001
IL-6 (pg/mL) 6.84+0.86 17.31£2.18 21.58+2.07 <0.001
IL-8 (pg/mL) I1.61£1.56 16.74+1.78 22.09+2.31 <0.001
IL-13 (pg/mL) 9.28+1.11 15.65+1.74 20.20+2.40 <0.001
TNF-a (pg/mL) 21.50+3.17 27.98+3.21 35.52+6.22 <0.001
TGF-B1 (pg/mL) 27.01+3.58 39.00%5.17 46.21+6.29 <0.001
MMP-2 (ng/mL) 118.05+20.84 158.77+£25.91 179.45+36.58 <0.001
MMP-9 (ng/mL) 82.70+13.65 120.21£15.80 133.89+21.58 <0.001
EphA2 (pg/mL) 275.65+40.10 359.07+42.87 521.08+60.34 <0.001

Notes: Continuous variables are expressed as mean * SD, and analyzed by ANOVA followed by Tukey’s post hoc
test. Categorical variables are expressed as frequency (percentage), and analyzed using the chi-square test.
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healthy controls (Figure 1A). Additionally, the Receiver Operating Characteristic (ROC) curve analysis indicated that the

optimal cutoff value for serum EphA2 is 324.76 pg/mL, with a sensitivity of 88.7% and a specificity of 92.5%, resulting
in an Area Under the Curve (AUC) of 0.959 (Figure 1B).

Correlation Between Serum EphA2 Levels and Lung Function in Children with Asthma
Pearson correlation analysis was used to investigate the relationship between serum EphA2 levels and lung function in
asthma patients. We observed that Serum EphA2 level is negatively correlated with FEV1 (=—0.376, P<0.001), FEV1/
FVC (r=-0.476, P<0.001), and PEF (r=—0.699, P<0.001) (Figure 2A—C).

Correlation of Serum EphA2 Levels with Inflammatory Indicators of T2 Inflammation,
Cytokines, and Serum Markers of Airway Remodeling in Children with Asthma

Pearson correlation analysis was used to investigate the relationship between serum EphA2 levels with inflammatory

indicators of T2 inflammation, cytokines, and serum markers of airway remodeling in children with asthma. We found that
serum EphA2 positively correlates with Eosinophil count (r=0.227, P=0.001), Total IgE (1=0.715, P<0.001), and FeNO
(r=0.560, P<0.001) (Figure 3A—C). Additionally, we observed that serum EphA2 is positively associated with inflammatory
cytokines, including IL-1f (r=0.423, P<0.001), IL-4 (r=0.314, P<0.001), IL-6 (r=0.625, P<0.001), IL-8 (r=0.628, P<0.001),
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Figure | Comparison of serum EphA2 in children with asthma. (A) Serum EphA2 levels in control subjects (n=120), Mild-moderate (n=113) and severe (n=82) ELISA
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A B, c. ]
00,000 r=-0.376 o r=-0.476 0 r=-0.699
° o P<0.001 5 o o P<0.001 ° o ° P<0.001
oS 3 oY o &
..... % 0%% ®
----- 4 26 09000 0 & ° oo © 0% 8 o
w 852 & o o o® o 0% o o go°w
= ©o€ o = o %09 o 800 o 5 ° Cdsooog" °
€ 500000 . ° 0 % So° 0 E s ° 8o o ONS E 5 o °8.g0 °
?, ? £ o o o
~ ° &g”o S ~ OOSOCO ogo ° o~ o % o » 2
,,,,,, oL o g o ) ° ° o X ° ° ° o8q
En."' 4 ol & 9 % 90 % 8o é“ o g@f%oo&?%o %00 o 5 %_ 0 °© 0% oo
& ° ol 200s & Sogs & 0® o988 5 2% ° w 00 o q B BY
o g, 3% o o 8 s Bao o o ° ° %06 788% ° o
~~~~~ N s 00°8 ° o o ° o “oged % o %y &
‘‘‘‘‘‘ G ° o o ° ° o 2%
°
° o °
° °
;
15 20 = % -
FEV1 (L) FEV1/FVC (%) PEF (L/min)
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is positively correlated with (A) IL-1B, (B) IL-4,

IL-13 (r=0.569, P<0.001), and TNF-a (r=0.562, P<0.001) (Figure 4A—F). Furthermore, the results showed that Serum EphA2
is positively related to TGF-Bl (r=0.535, P<0.001), MMP-2 (r=0.273, P<0.001), and MMP-9 (r=0.266, P<0.001)
(Figure 5A-C).

The Molecular Mechanism of How EphA2 Regulates the Development of Asthma

To conclude, we provide a diagram that illustrates the molecular mechanism by which EphA2, an important factor in the

development of asthma, regulates the development of asthma (Figure 6). Elevated levels of EphA2 in children with

asthma promote the release of inflammatory cytokines from the airway epithelium, leading to increased airway

inflammation and hyper responsiveness (AHR). Additionally, EphA2 contributes to airway remodeling and sub epithelial
fibrosis by stimulating the release of fibrotic cytokines such as TGF-f1, MMP-2, and MMP-9. Consequently, the rise in
EphA2 levels exacerbates the damage to the airway epithelium caused by allergens.
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Figure 6 Schematic diagram of EphA2 in the development of asthma. Increased EphA2 in asthmatic children promotes the release of inflammatory cytokines from airway
epithelium, enhancing airway inflammation and hyperresponsiveness (AHR). EphA2 also enhance airway remodeling and subepithelial fibrosis by promoting the release of
fibrosis-related cytokines (TGF-B1, MMP-2 and MMP-9). Therefore, the increase in EphA2 levels aggravates the injury of airway epithelium caused by allergens.

Discussion
This investigation sought to assess the clinical significance of serum EphA2 levels in distinguishing between pediatric

asthma patients and healthy controls. The results showed that serum EphA2 levels were significantly higher in patients
with asthma than in healthy controls. Our investigation revealed that asthma patients had significantly higher levels of
different health indicators, including the duration of asthma (in years), FEV1, ratio of FEV1 to forced vital capacity
(FVC), PEF, eosinophil count, IgE, FeNO, IL-1B, IL-4, IL-6, IL-8, IL-13, TNF-a, TGF-B1, MMP-2, MMP-9, and
EphA2. In addition, EphA2 levels were significantly elevated in both the mild-moderate and severe groups compared
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with healthy controls. Furthermore, patients with asthma with serum EphA2 levels exceeding 324.76 pg/mL were found
to have a significantly higher risk of developing asthma. Moreover, serum EphA2 levels are positively associated with
inflammatory indicators of T2 inflammation, cytokines, and serum markers of airway remodeling, and are negatively
correlated with FEV1, FEV1/FVC, and PEF in children with asthma. These findings suggest that serum EphA2 level may
serve as a potential biomarker for the early detection of asthma in children.

EphA2 is a member of the Eph family and is primarily found in epithelial cells.'® Recent research has highlighted that
the EphA-ephrin signaling pathway plays a crucial role in the development of inflammation and inflammatory disorders
caused by infections and tissue damage.'®> However, investigations focusing on the relationship between serum levels of
EphA2 and the severity of asthma in pediatric patients are lacking. In the present study, EphA2 concentrations were
markedly elevated in the mild-moderate and severe patients compared to those in the healthy control group. Furthermore,
serum EphA2 concentrations demonstrated a positive correlation with inflammatory markers indicative of T2 inflamma-
tion, cytokines, and serum biomarkers associated with airway remodeling, while exhibiting a negative correlation with
FEVI1, FEV1/FVC, and PEF in pediatric asthma patients.

Numerous studies have explored the complex roles of the Eph receptor and ephrin ligand in cancer development.?®!
Notably, several reports have identified associations between the EphA2 receptor and various oncogenic signaling pathways,
including the MAP/ERK, phosphoinositide 3-kinase, E-cadherin, and integrin/FAK /paxillin pathways.?***** EphA2 is being
investigated as a potential therapeutic target in oncology with ongoing clinical trials involving patients with advanced
malignancies.”*?” Inflammation may influence tumor development, progression, and response to therapy.'? Interestingly,
cancer and infectious diseases exhibit many similarities. Programmed cell death ligand 1 (PD-L1) inhibitors were initially
developed for cancer treatment as potential therapeutic agents for chronic infections and sepsis.'> Furthermore, the EphA2
receptor and ephrin ligand also play a role in inflammation, particularly by causing vascular endothelial injury.®'*'* EphA2
and other inflammatory mediators, such as TNF-a and interferon (IFN)-y, can upregulate NF-«xB, leading to an increased

expression of intercellular adhesion molecule-1. This process facilitates the migration and attachment of leukocytes.'***

Recent studies have established a connection between EphA2 receptor and inflammation.?®>?

Eosinophils are a type of white blood cell that plays a crucial role in the immune system, particularly in allergic
reactions and asthma. In eosinophilic asthma, eosinophils accumulate in the airways, releasing mediators and cytokines
contributing to severe airway inflammation and tissue damage. Elevated eosinophil counts are associated with increased
asthma severity, poor asthma control, and a higher rate of exacerbations.>* Increased levels of total IgE are often found in
patients with allergic asthma and are associated with increased asthma severity.*> Higher levels of FeNO are associated
with increased airway inflammation and asthma severity.*® Proinflammatory cytokines (IL-1B, IL-4, IL-6, TL-8, IL-13,
and TNF-a) play a significant role in the pathogenesis of asthma by promoting and amplifying the inflammatory response
in the airways.'?’ Airway remodeling is a hallmark of chronic asthma and involves structural changes in the airway
wall. TGF-B1 promotes the proliferation of airway smooth muscle cells and the production of extracellular matrix
proteins, contributing to airway remodeling.”® MMP-2 and MMP-9 are involved in remodeling the airway wall by
breaking down collagen and other matrix proteins. Elevated levels of MMP-9 have been associated with increased airway
remodeling in asthma.*® A recent study reported that EphA2 is highly expressed on bronchial epithelial cells and is
activated by allergens such as Dermatophagoides pteronyssinus. Activation of EphA2 leads to the secretion of proin-
flammatory cytokines like IL-6 and IL-8, which contribute to airway inflammation and hyper responsiveness.'® However,
our results showed that serum EphA2 positively correlates with Eosinophil count, Total IgE, and FeNO. In addition, we
observed a positive association of the serum EphA2 levels with inflammatory cytokines, including IL-1p, IL-4, IL-6, IL-
8, IL-13, and TNF-a. Furthermore, the results showed that Serum EphA2 is positively related to TGF-f1, MMP-2, and
MMP-9.

Our study had several inherent limitations. First, caution should be exercised when interpreting our results because of
the relatively small sample size. Second, the study design was not intended to be a prospective longitudinal analysis;
rather, it was structured as a cross-sectional study. Therefore, the prognostic significance of serum EphA2 level requires
further validation. Finally, this study provides important insights into the irregularities of EphA2 that contribute to the
pathophysiology of asthma, particularly in pediatric patients diagnosed with this condition.
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Conclusions

Children diagnosed with asthma have higher serum EphA2 levels than healthy controls. Elevated serum EphA2 levels
independently increased the risk of asthma development in these children. A more extensive population-based prospec-
tive study is needed to validate the potential role of serum EphA2 as a predictive biomarker for children with asthma.
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