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Purpose: Asthma substantially affects the quality of life and health of children. Lipocalin 2 (LCN2) is an immune-related protein,
which is predicted to be highly expressed in asthma. Here, we investigated the role of LCN2 in ovalbumin (OVA)-induced asthma
mouse model.

Methods: We knocked down LCN2 in an asthma mouse model and performed histopathological analysis using hematoxylin and eosin
(H&E) staining assay. Differentiated cells were assessed using Diff-Quick staining assay. We investigated the regulatory T (Treg) cell/
T helper 17 (Th17) cell balance using flow cytometry and enzyme-linked immunosorbent assay (ELISA). Inflammatory factors were
measured using quantitative real-time reverse transcription PCR (qQRT-PCR). The involved pathways were assessed using Western
blotting.

Results: LCN2 was upregulated in patients with asthma. OVA promoted pathological deterioration in the lungs, increased IgE levels
in the plasma, and elevated the number of differentiated inflammatory cells, whereas LCN2 knockdown abrogated the OVA-induced
effects. Additionally, the Treg/Th17 imbalance and increased inflammatory cytokine levels were improved by LCN2 knockdown in
OVA-treated mice. Moreover, LCN2 knockdown reversed the activation of the janus kinase (JNK) pathway.

Conclusion: LCN2 knockdown improved the Treg/Th17 balance, alleviated inflammation, and inactivated the JNK pathway in OVA-
induced asthma mouse model, suggesting that LCN2 may be a novel therapeutic target for asthma in children.

Keywords: innate immunity, T lymphocyte differentiation, peripheral blood, JNK pathway, inflammation

Introduction

Asthma is a chronic respiratory disease characterized by airway inflammation and remodeling.' Patients with asthma
usually present with cough, shortness of breath, and chest tightness. Asthma affects more than 300 million people,
especially children; its prevalence in children below the age of 18 years is approximately 8%.% Severe asthma causes
poor outcomes in children, such as drug side effects, poor quality of life, and death.* Because asthma is a heterogeneous
condition with different phenotypes, it cannot be completely cured despite the availability of several biologics that target
type 2 inflammation.” Thus, the pathogenesis of asthma should be elucidated.

CD4" T cells participate in the progression of asthma and determine the phenotype of asthma, ie, eosinophilic or
neutrophilic.® Naive CD4" T cells differentiate into regulatory T (Treg) cells and T helper 17 (Th17) cells.”® Th17 cells
induce inflammation, leading to autoimmune and inflammatory disorders, whereas the Treg cells act antagonistically and
maintain immune homeostasis and prevent diseases.” Moreover, previous studies have reported Treg/Th17 imbalance
during asthma. Therefore, reducing Treg/Th17 imbalance could be a potential strategy to attenuate asthma.'®!!

Lipocalin 2 (LCN2), is associated with innate immunity. It functions as an iron regulator under inflammatory
conditions."? In normal tissues, LCN2 protects against bacterial infection and oxidative stress damage. Moreover,
LCN2 is expressed in several types of cells, such as macrophages, neutrophils, granulocytes, and epithelial cells.'?
LCN2 expression is high in CD4" T cells, and it plays a crucial role in type 1 helper T (Thl) cell differentiation.'*

Previous studies have reported that LCN2 is involved in the pathological progression of many diseases, such as
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malignancy, cardiovascular disease, and inflammation.'*'>'® Dysregulation of LCN2 has been observed in the serum and
plasma of patients with asthma, indicating that LCN2 is associated with the development of asthma.'”'® However, the
underlying mechanisms of LCN2 are not yet understood.

Therefore, in the present study, we investigated the role of LCN2 in the pathogenesis of asthma. We evaluated the
effect of LCN2 knockdown on the histopathology, inflammatory cytokine levels, and Treg/Th17 balance on an asthma
mouse model. The findings of this study suggest that LCN2 is a potential therapeutic target for asthma in children.

Materials and Methods

Microarray Analysis
The GSE31773 dataset was downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE31773). Abnormally expressed genes were analyzed using the R programming language.

Differentially expressed genes were defined based on the following criteria: [log2(fold change)| >1 and P value <0.05.

Clinical Samples

This study was approved by the Ethics Committee of Liyang People’s Hospital (No. [2022]02-283-01). Thirty-three
children (age: 3—12 years) diagnosed with asthma participated in this study. Patients with the following conditions were
excluded from the study: other respiratory diseases, lung disease, allergic disease, history of asthma, or those taking
drugs. Moreover, 33 age-matched healthy children were included in the control group. Fasting peripheral blood samples
were collected from all participants. Written informed consent was obtained from the legal guardians of all participants.
Blood samples were collected according to the Declaration of Helsinki.

Animal Study

The animal experiments were approved by the Ethics Committee of Liyang People’s Hospital (No. [2022]02-283-01) and
were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).
Male BALB/c mice (4-week-old; Shanghai Laboratory Animal Centre, Shanghai, China) were housed in specific pathogen-
free (SPF) environment, with 12-h light/12-h dark cycle, 23 4+ 2°C, 50-60% humidity, and free water and food. The mice were
randomly divided into the following four groups, with six mice per group: control, ovalbumin (OVA), OVA + sh-NC, and
OVA + sh-LCN2. To establish the asthma model, OVA (25 pg; Sigma-Aldrich, St. Louis, MO, USA) and aluminum hydroxide
(1 mg; Sigma-Aldrich) were dissolved in 200 pL of normal saline and intraperitoneally injected into the mice from OVA, OVA
+ sh-NC, and OVA + sh-LCN2 groups on days 0, 7, and 14. On day 15, the mice were injected with 5% OVA in the airway for
30 min every day using an ultrasonic sprayer until day 22. The control mice were sensitized using normal saline as per the
abovementioned dosage of OVA. Lentiviruses carrying shRNA (sh)-negative control (NC) and sh-LCN2 (GenePharma,
Shanghai, China) were intravenously injected into the mice from groups OVA + sh-NC, and OVA + sh-LCN2 before model
establishment. All mice were sacrificed 23 d after peripheral blood collection. Bronchoalveolar lavage fluid (BALF) and lung
tissue samples were obtained from all mice.

BALF Collection

After sacrificing the mice, the trachea was intubated using polyethylene tubing. An incision was made at the midline of
the neck to expose the trachea. Tracheostomy was performed using a 14-gauge needle. Cold sterile phosphate-buffered
saline (PBS; 0.5 mL) was added through the needle to the right lung of each mouse, and the lung was washed twice. The
liquid obtained via bronchoalveolar lavage or BALF was collected and centrifuged at 500 x g for 10 min. The collected
BALF was stored at —20°C until further use.

Hematoxylin and Eosin (H&E) Staining Analysis

The left lung tissue samples were fixed in 10% formalin for histopathological testing and cut into paraffin sections. After
dewaxing and rehydration, the sections were stained using hematoxylin (Beyotime, Shanghai, China) for 5 min and eosin
(Beyotime) for 3 min. The cells were visualized under a microscope (Olympus, Tokyo, Japan).
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Inflammation score was quantified as the following criteria'®: 0 point (no inflammatory cells), 1 point (inflammatory
cells were observed occasionally), 2 points (1-3 layers of inflammatory cells around the bronchi), 3 points (45 layers of
inflammatory cells around the bronchi or vessels), and 4 points (more than 5 layers of inflammatory cells around the
bronchi or vessels).

Diff-Quick Staining Assay

The differentiated cells in the BALF were evaluated using a Diff-Quick stain kit (Solarbio, Beijing, China). Briefly,
BALF was prepared as a BALF smear, which was incubated with Diff-Quick I and Diff-Quick II for 10 and 15s,
respectively. The differentiated cells were observed under a microscope, and their number was counted. The total number
of inflammatory cells was counted using a hemocytometer. The percentage of neutrophils, macrophages, eosinophils, and
lymphocytes were calculated by the number of differentiated cells/total inflammatory cells *100%.

Flow Cytometry

For flow cytometry, peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood using Percoll
solution (Sigma-Aldrich). After centrifugation at 800 x g for 30 min and washing with PBS, the PBMCs were maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, South Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone) at 37°C with 5% CO,.

To investigate Th17 cells, the PBMCs were stimulated with 25 ng/mL PMA, 1 mg/mL ionomycin, and 1 pg/mL BFA at
37°C for 5 h. Next, the samples were incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-CD4 antibody at
4°C for 45 min, followed by incubation with a phycoerythrin (PE)-conjugated anti-interleukin-17 (IL-17) antibody for 30
min in the dark. To investigate Treg cells, CD4" T cells were isolated using a CD4 " T-cell isolation kit (Novo Biotechnology,
Beijing, China). The samples were incubated with an FITC-conjugated anti-CD25 antibody at 4°C for 45 min, followed by
incubation with a PE-conjugated anti-forkhead box p3 (Foxp3) antibody for 30 min in the dark. Finally, all samples were
analyzed using a flow cytometer. The antibodies were purchased from BioLegend (San Diego, CA, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of tumor growth factor beta (TGF-p), interleukin-10 (IL-10), IL-17, and interleukin-23 (IL-23) in the serum
and the levels of immunoglobulin E (IgE) in the plasma of mice were measured using specific mouse ELISA kits for each
molecule, according to the manufacturer’s protocol. All ELISA kits were purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was isolated from the peripheral blood and lung tissue samples using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). RNA (1 pg) was reverse-transcribed to cDNA using PrimeScript RT Master Mix. qPCR was conducted using
a real-time PCR master mix (SYBR Green). mRNA expression was calculated using the 27**“" method and normalized
to that of GAPDH. The primer sequences are shown in Table 1.

Western Blotting

Proteins were isolated from lung tissue samples of the mice using RIPA buffer (Beyotime). After the measurement of
protein concentration using a BCA kit (Beyotime), equal amount of protein was added to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for separation, followed by the transfer of the proteins to polyvinyli-
dene fluoride (PVDF) membranes (Beyotime). The membranes were blocked with 5% not-fat milk at 22°C for 1 h,
incubated with primary antibodies at 4°C overnight, and incubated with a secondary antibody at 22°C for 2 h. Each
protein band was visualized using BeyoECL plus (Beyotime). The antibodies used are listed in Table 2.
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Table | The Primer Sequences Used in qRT-PCR

Name Forward (3’-5’) Reverse (3’-5’)

LCN2 AGACAAAGACCCGCAAAAG TGGCAACCTGGAACAAAAG

IL-5 GAAAGAGACCTTGACACA GAACTCTTGCAGGTAATCCAGG
IL-13 ATGAGTCTGCAGTATCCCG CCGTGGCAGACAGGAGTGTT
IL-33 GGTGTTACTGAGTTATATGAG GGAGCTCCACAGAGTGTTCCTTG
GAPDH AGCCACATCGCTCAGACAC AATGAAGGGGTCATTGATGG

Table 2 The Antibodies Used in Western Blot

Name Catalog. No | Dilution
PI3K ab191606 1:1000
p-PI3K ab182651 1:1000
AKT ab8805 1:500
p-AKT ab38449 1:1000
DvL2 ab228804 1:1000
AXINI ab133221 1:1000
p-GSK3p ab75814 1/10,000
GSK3p ab32391 1/5000
B-catenin ab32572 1/5000
p-IKKa ab38515 1:1000
IKKa ab32041 1:1000
p-IKB ab194519 1:1000
IKB ab124957 1:2000
p-p65 ab76302 1:1000
P65 ab16502 1:2000
p-JNK ab124956 1:1000
JNK ab179461 1:1000
GAPDH ab9485 1:2500
Goat anti-rabbit IgG & HRP | ab6721 1:10,000

Statistical Analysis

The data are shown as the mean = standard deviation (SD) and were analyzed using GraphPad Prism 8.0 software. For
comparison of multiple groups, one-way analysis of variance was used, and the comparison of two groups, Student’s
t-test was used. Statistical significance was defined as P <0.05.

Results
LCN2 Was Highly Expressed in Patients with Asthma

To identify the genes involved in the pathogenesis of asthma, we investigated the differentially expressed genes using
microarray analysis; several genes were upregulated or downregulated. LCN2 was upregulated in patients with severe
asthma compared with that in healthy donors (Figure 1A and B). Moreover, LCN2 levels in the peripheral blood samples
of patients with asthma were higher than those in the healthy controls (Figure 1C). These results demonstrated that LCN2
expression increased in patients with asthma.

Knockdown of LCN2 Improved the Pathological Changes of Asthma

To investigate the role of LCN2 in the development of asthma, lentiviruses carrying sh-NC or sh-LCN2 were injected
into the mice and LCN2 expression was assessed. The results revealed that LCN2 expression in the peripheral blood
samples of the mice decreased following sh-LCN2 injection compared with that in the sh-NC group (Figure 2A). The
plasma IgE levels increased after OVA treatment compared with those of the control mice; however, decrease in LCN2
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Figure | Lipocalin 2 (LCN2) is highly expressed in patients with asthma. (A) Differentially expressed genes predicted via the analysis of dataset GSE3 1773 are presented in
the heatmap. Blue: low expression; red: high expression. (B) Differentially expressed genes predicted via the analysis of dataset GSE31773 are presented in the bubble
diagram. Green: downregulated genes; red: upregulated genes. (C) LCN2 levels in the peripheral blood samples of children with asthma (n=33) and healthy controls (n=33).
Data were analyzed using Student’s t-test. ***P<0.001.
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Figure 2 Knockdown of lipocalin 2 (LCN2) improves the pathological changes that occur due to asthma. (A) LCN2 levels in the peripheral blood samples of mice were
measured using quantitative reverse transcription PCR (qQRT-PCR) after sh-NC and sh-LCN2 were intravenously injected into the mice. (B) Plasma IgE levels in the mice of
each group. (C) Histopathology of lung tissue samples was assessed using hematoxylin and eosin (H&E) staining. (magnification: 100%, scale bar: 200 um; magnification: 400%,
scale bar: 50 um). (D) Inflammation score; n=6. Data were analyzed using Student’s t-test in (A) and using one-way ANOVA in (B-D). ***P<0.001. ###p<0,001.

levels reduced IgE levels in the OVA-administered groups (Figure 2B). H&E staining revealed that OVA caused lung
wall thickening, inflammatory cell infiltration, and alveolar endothelial cell shedding. Nevertheless, LCN2 silencing
reversed the lung damage induced by OVA (Figure 2C). Thus, LCN2 knockdown decreased plasma IgE levels and
progressive pathology in asthmatic mice.

LCN2 Knockdown Regulated Differentiated Inflammatory Cells

Next, we stained the mice BALF samples using Giemsa, and counted the number of differentiated cells according to cell
size. We observed that LCN2 knockdown reduced the percentage of OVA-induced neutrophils, macrophages, and
eosinophils (Figure 3A—C); in contrast, OVA decreased the number of lymphocytes, whereas LCN2 knockdown reversed
this effect (Figure 3D). Thus, LCN2 knockdown reduced the number of neutrophils, macrophages, and eosinophils, and
increased the number of lymphocytes in OVA-treated mice.

LCN2 Knockdown Promoted Treg/Th|7 Balance and Regulated Cytokine Levels
To evaluate the Treg/Th17 balance, we performed flow cytometry and measured the levels of Treg and Th17 cells. The
results elucidated that OVA increased the number of Thl7 cells and decreased that of Treg cells, whereas LCN2
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Figure 3 Lipocalin 2 (LCN2) knockdown inhibited differentiation of inflammatory cells. (A) Neutrophils, (B) macrophages, (C) eosinophils, and (D) lymphocytes in
bronchoalveolar lavage fluid (BALF) were assessed; n=6. Statistical analysis was performed using one-way ANOVA. *¥P<0,001. "#P<0,001.

knockdown counteracted this OVA-induced effect (Figure 4A—D). Thus, OVA reduced the Treg/Th17 cell ratio, which
increased after LCN2 knockdown (Figure 4E). Serum TGF-f and IL-10 levels reduced in OVA-treated mice, and sh-
LCN2 reversed this effect (Figure 4F and G). Moreover, OVA elevated serum IL-17 and IL-23 levels, whereas LCN2
knockdown reversed this effect (Figure 4H and I). The levels of the inflammation-related factors IL-5, IL-13, and IL-33
increased in the lung tissue and BALF samples of OVA-treated mice, and LCN2 knockdown decreased their levels
(Figure 4J-0O). Thus, LCN2 knockdown improved the Treg/Th17 imbalance in the serum samples of OVA-treated mice
and inhibited inflammation in their lung tissue and BALF samples.

Knockdown of LCN2 Inactivated the Janus Kinase (JNK) Pathway

To evaluate the signaling pathways involved in the progression of asthma, we performed Western blotting and
investigated several pathway-related factors. The results revealed that LCN2 knockdown did not affect the protein levels
of PI3K/AKT, Wnt/B-catenin, and NF-kB pathway-related factors in the lung tissue samples of the mice (Figure SA-C).
Additionally, LCN2 knockdown downregulated p-JNK, but not JNK (Figure 5D). OVA upregulated p-JNK, whereas
LCN2 lockdown abrogated this effect (Figure SE). Thus, we demonstrated that LCN2 knockdown inhibited the activation
of the JNK pathway in OVA-treated mice.

Discussion

Asthma is a common chronic disease affecting both adults and children. The pathogenesis of asthma is complex, which
could be due to the interactions between various genes and the environment.”® LCN2 is an important regulator of the
immune response, which is upregulated in asthma. Moreover, because LCN2 is a biomarker of early intervention in
asthma,'® we investigated the role of LCN2 in asthma. IgE is a pro-allergic regulator, and IgE is commonly used for
allergic asthma treatment.?’ In this study, we predicted differentially expressed genes in asthma and normal controls via
microarray analysis. LCN2 was predicted to be upregulated in patients with asthma, which was confirmed via the
analysis of clinical samples. Next, we elucidated that LCN2 knockdown inhibited IgE levels in the plasma of OVA-
treated mice, suggesting that LCN2 reduces allergic reactions.

One of the hallmarks of asthma is airway inflammation; thus, inflammatory cells mediate asthma development. For example,
eosinophil count increases in type 2 asthma; macrophages release allergenic cytokines; and neutrophils are associated with non-
allergic asthma. The infiltration by these inflammatory cells causes the narrowing of the airway.**** Herein, we found that LCN2
knockdown reduced the counts of neutrophils, macrophages, and eosinophils and increased those of lymphocytes in OVA-treated
mice, suggesting that downregulation of LCN2 improved the inflammation caused due to asthma.

Th17 cells promote inflammation, whereas Treg cells prevent inflammation. Therefore, the balance between Treg and
Th17 cells is important for normal physiological processes, and an imbalance between them has been proven to be
closely associated with inflammation.”* Moreover, the Treg/Th17 balance regulates the development of neutrophilic,
eosinophilic, or allergic asthma.'®'"** Thus, the Treg/Th17 balance plays an important regulatory in the pathogenesis of
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Figure 4 Lipocalin 2 (LCN2) promotes the Treg/Th|7 balance and regulates cytokines levels. (A) Foxp3, which regulates regulatory T (Treg) cells, was investigated using
flow cytometry and quantified in (B). (C) Interleukin-17 (IL-17), the regulator of T helper 17 (Th17) cells, was detected using flow cytometry and quantified in (D). (E) Treg/
Th17 cell-ratio. The levels of (F) tumor growth factor beta (TGF-), (G) interleukin-10 (IL-10), (H) IL-17, and (I) interleukin-23 (IL-23) were detected in the serum of mice
from all groups using enzyme-linked immunosorbent assay (ELISA). The levels of (J) interleukin-5 (IL-5), (K) interleukin-13 (IL-13), and (L) interleukin-33 (IL-33) were
examined in the lung tissue samples of mice using quantitative reverse transcription PCR (qRT-PCR). (M) IL-5, (N) IL-13, and (O) IL-33 expression in bronchoalveolar lavage
fluid (BALF) of mice was measured using qRT-PCR; n=6. Statistical analysis was performed using one-way ANOVA. ¥P<0.001. *#P<0.001.
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Figure 5 Knockdown of lipocalin 2 (LCN2) inactivates the janus kinase (JNK) pathway. Effects of LCN2 knockdown on the (A) PI3K/AKT pathway, (B) Wnt/B-catenin
pathway, (C) NF-«xB pathway, and (D) JNK pathway-related factors in lung tissue samples were evaluated using Western blotting. (E) Protein levels of p-JNK and JNK were
detected in the lung tissue samples of mice from all groups using Western blotting; n=6.

asthma. Foxp3, TGF-B, and IL-10 are regulators of Treg cells, and IL-17 and IL-23 are regulators of Th17 cells.”® In the
present study, OVA decreased Treg cell count and reduced the levels of TGF-f and IL-10. Additionally, OVA increased
Th17 cell count and IL-17 and IL-23 levels in the mice serum samples. LCN2 knockdown abrogated the OVA-induced
Treg/Th17 imbalance. Moreover, we investigated the inflammatory factors in the lung tissue samples of mice. IL-5, IL-
13, and IL-33 are type 2 cytokines that increase eosinophilia and mucus in the airway and promote IgE production.”’*
We found that the LCN2 knockdown decreased the OVA-induced elevation in IL-5, IL-13, and IL-33 levels in the lung
tissue samples of mice. Thus, these findings suggest that LCN2 knockdown inhibits OVA-induced Treg/Th17 imbalance
and inflammation.

The JNK pathway is involved in biological processes, including inflammation, cell differentiation, proliferation, and
apoptosis.”’ It is activated under various stress conditions.®® In asthma, the JNK pathway regulates airway
inflammation.*'**> Moreover, LCN2 mediates the JNK pathway in several diseases, such as cancer and acute liver
injury.**-** However, the effect of LCN2 on the INK pathway in asthma is unclear. We elucidated that LCN2 knockdown
only inhibited the activation of the JNK pathway and not that of the PI3K/AKT,-catenin, and NF-kB pathways. These

data suggested that the JNK pathway participates in the progression of LCN2-mediated asthma.

Conclusions

Therefore, this is the first study to reveal that LCN2 knockdown inhibits inflammation, Treg/Th17 imbalance, and JNK
pathway activation in OVA-induced asthma mouse model, suggesting that LCN2 silencing could relieve asthma, and
LCN2 is a potential new target for asthma treatment.
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Abbreviations

BALF, bronchoalveolar lavage fluid; DMEM, Dulbecco’s Modified Eagle Medium; ELISA, enzyme-linked immunosor-
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