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Down-regulation of SHP2 promotes
neutrophil autophagy and inhibits neutrophil
extracellular trap formation to alleviate
asthma through the ERKS pathway
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Abstract

Introduction: Neutrophil autophagy and neutrophil extracellular trap (NET) formation are closely
related to asthma pathogenesis. Src homology domain 2-containing protein tyrosine phosphatase 2
(SHP2) is an important regulatory factor in airway remodeling in asthma. This study aimed to explore
the molecular mechanisms of SHP2 in neutrophils.

Material and methods: Peripheral blood samples were collected from healthy individuals and
asthma patients. A dimethylsulfoxide-induced HL-60-driven neutrophil-like cell model was established.
Neutrophil-like cells were treated with rapamycin to activate autophagy. Neutrophil-like cells or neu-
trophils were transfected with oe-SHP2, si-SHP2, oe-ERKS or their negative controls.

Results: There was an abnormal increase of neutrophils in the peripheral blood of asthma pa-
tients. Neutrophil autophagy gradually decreased with the severity of asthma while the NET formation
increased. Pearson’s correlation analysis revealed that SHP2 was negatively correlated with BECN1
and LC3 and positively correlated with p62 and MPO. Moreover, SHP2 inhibited autophagy in neutro-
phil-like cells. Overexpression of ERKS partially counteracted the inhibitory effect of interfering with
SHP2 expression on NET formation in neutrophil-like cells. After interfering with SHP2 expression in
neutrophils, the expression of BECN1 and LC3 were significantly increased, while dsDNA levels, MPO
activity, and the expression levels of p62, cit-H3, MPO, ELANE, PADI4 and ERKS5 were decreased.

Conclusions: Down-regulation of SHP2/ERK5 promoted neutrophil autophagy and inhibited NET
formation. SHP2 could be a new indicator of asthma.
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Introduction

Asthma is a prevalent chronic inflammatory condition
affecting the airways [1], with at least 300 million asthma
patients worldwide, and the incidence is increasing yearly
[2]. Asthma is associated with the pathology of various
inflammatory mediators such as interleukin (IL)-4, IL-8,
IL-17, and others [3]. In addition, asthma also involves
multiple inflammatory cells such as T lymphocytes, eosin-
ophils, neutrophils, and airway epithelial cells. Neutrophils
are key players in the immune system and may respond
rapidly to tissue damage and infections [4]. Neutrophils are
recruited to allergic reaction sites initially and are signifi-
cantly elevated in the airway secretions of severe asthma
patients [5, 6]. One of the functions of neutrophils is the
release of extracellular traps (NETs), which are web-like
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structures of DNA. The dysregulation of NETs may be
associated with the pathogenesis of asthma [7]. Xia et al.
concluded that neutrophil activation and NETosis are the
main drivers of airway inflammation in a murine model of
neutrophilic asthma [8]. Therefore, an in-depth exploration
of the mechanisms of neutrophils in asthma may provide
new insights into the treatment of asthma.

An increasing number of studies demonstrated a close
relationship between autophagy and asthma [9, 10]. Au-
tophagy is a self-degradation process that helps maintain
cellular homeostasis and is significantly involved in the
pathogenesis of asthma and in regulating the airway ep-
ithelial immune microenvironment [3, 11]. In asthma,
autophagy’s regulation of immune cells is extensive [12].
Increased autophagy is involved in promoting type 2 im-
mune response and eosinophilic asthma, while decreased

Correspondence: Dandan Shi, Department of Respiratory Medicine, The Fourth Hospital of Changsha, Changsha, China,

e-mail: 562452193 @qq.com
Submitted: 18.03.2024, Accepted: 08.06.2024

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike

252

4.0 International (CC BY-NC-SA 4.0). License (http://creativecommons.org/licenses/by-nc-sa/4.0/)



autophagy may be important for the progression of neutro-
philic asthma [13]. Therefore, understanding the potential
molecular mechanisms that regulate neutrophil functions,
such as autophagy [14], is crucial for targeted treatment
and intervention strategies in asthma research.

In addition, the therapeutic application of src homol-
ogy domain 2-containing protein tyrosine phosphatase 2
(SHP2) inhibitors in chronic respiratory diseases may also
be promising. SHP2 belongs to the group of intracellular
classical protein tyrosine phosphatases (PTPs) [15]. Re-
searchers have indicated that SHP2 plays an important
role in airway remodeling in asthma [15, 16]. Bone mar-
row SHP2-deficient mice have been shown to be unable
to induce eosinophilia and airway hyper-responsiveness
[17, 18]. However, the role of SHP2 in neutrophilic asth-
ma remains unclear. The report by Ding et al. caught our
attention. The report shows that psoriasiform skin inflam-
mation is often accompanied by increased neutrophil infil-
tration. SHP2 promotes the formation of NETSs in neutro-
phils through the ERKS5 pathway, leading to the infiltration
of proinflammatory cytokines and exacerbating psoriatic
skin inflammation in mice [19]. Based on the background
mentioned above, we hypothesized that SHP2 may aggra-
vate asthma by promoting NET formation in neutrophils
through the ERKS pathway.

In our study, we collected peripheral blood from
clinical asthma patients and built the dimethylsulfoxide
(DMSO)-induced neutrophil-like cell model. Then, we
investigated the role of SHP2 in neutrophils and its regu-
latory mechanisms. We expected the research to provide
new insights into the complex regulatory effects of SHP2
on autophagy in neutrophils.

Material and methods

Clinical sample collection

We collected peripheral blood samples from healthy
individuals and asthma patients. All asthma patients met
the diagnostic criteria set by the Asthma Group of Chinese
Thoracic Society [20], as follows:

1. Clinical symptoms and signs of typical asthma: 1) Re-
current wheezing, shortness of breath, with or without
chest tightness or cough, frequent at night and in the
morning, often related to exposure to allergens, cold air,
physical or chemical stimulation, upper respiratory tract
infection, exercise, etc. 2) Chronic persistent asthma
during an attack and in some cases uncontrolled, with
scattered or diffuse wheezing sounds in both lungs and
a prolonged expiratory phase. 3) The above symptoms
and signs can be relieved by treatment or spontaneously.

2. An objective examination of variable airflow limitation:
1) Positive bronchodilator test (FEV | increase > 12%
and absolute FEV | increase > 200 ml after bronchodi-
lator inhalation); or an increase in FEV | of > 12% from
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baseline and an absolute increase in FEV | of > 200 ml
(excluding respiratory infections) after 4 weeks of anti-
inflammatory treatment. 2) Positive bronchial prov-
ocation test: Inhaled challenges such as methacholine
or histamine are typically used, and a 20% or greater
decline in the FEV | after the challenge is usually con-
sidered positive, indicating airway hyperresponsiveness.
3) The average diurnal variability of peak expiratory
flow (PEF) (the sum of diurnal variability of PEF for
at least 7 consecutive days/total days 7) > 10%; or PEF
weekly variability {(highest within 2 weeks — lowest
within 2 weeks) / [(highest within 2 weeks + lowest
within 2 weeks) x 1/2] x100%} > 20%.

Patients who met the above symptoms and signs and
had any of the objective tests of airflow limitation, and
for whom wheezing, shortness of breath, chest tightness
and cough caused by other diseases were excluded, were
diagnosed with asthma.

Inflammatory diseases in the lungs and other parts of
the body, chronic obstructive pulmonary disease, tumors,
blood system diseases, immune system diseases, coronary
heart disease, hypertension, gastrointestinal ulcers with
bleeding, intestinal perforation, epilepsy, and diabetes
were excluded. The details are as follows:

1. Individuals with inflammatory diseases other than pul-
monary conditions, such as dermatitis, myocarditis, my-
ositis, and arthritis;

2. Patients with chronic obstructive pulmonary disease,
including chronic bronchitis and emphysema;

3. Individuals with any type of tumor (benign or malig-
nant);

4. Individuals with blood disorders, such as leukemia and
lymphoma;

5. Patients with immune system disorders, such as autoim-
mune diseases, HIV infection, or AIDS;

6. Coronary artery disease or hypertension, including sta-
ble or unstable angina, myocardial infarction, congestive
heart failure, myocardial infarction, early onset angina,
pulmonary hypertension, and acute left heart failure;

7. Patients with gastrointestinal ulcers with active bleeding
or severe complications such as intestinal perforation;

8. Patients with severe uncontrollable epilepsy or requiring
specific drug treatments for epilepsy;

9. Individuals with poorly controlled diabetes or severe
complications of diabetes.

Severe asthma patients required treatment with level
4 or 5 asthma medications (corticosteroids and long-act-
ing 2-agonist) recommended by the Global Initiative for
Asthma in the past year to maintain control or they still
exhibited uncontrolled asthma despite the treatment above.
Peripheral blood samples were collected using heparin
vacuum tubes within 2 h of admission for subsequent ex-
periments (3 tubes, 5 ml each). The use of human clinical
samples for experimentation was approved by the Ethics
Committee of The Fourth Hospital of Changsha (Approval
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Table 1. Clinical sample information

Parameter Healthy Mild asthma Severe asthma p
Subjects (male/female) 10 (5/5) 11 (6/5) 9 (3/6) 0.64
Age (years) 56.67 +£7.33 55.36 +14.64 59.83 +11.83 0.69
FEV %pred 87.58 £9.42 80.39 +44.09 62.87 +40.37 0.0097
FEV /FVC (%) 94.88 +£3.22 79.01 £29.11 57.22 £19.52 <0.0001
Shortness of breath - Go upstairs 7 (3/4) Atrest 5 (1/4) -
(male/female)

Position - Supine position 7 (3/4) Orthopnea 5 (1/4) -
Speaking Normal A sentence 7 (3/4) A word 1 (0/1) -
Mental Normal Have anxiety 4 (3/1) Always have anxiety 1 (0/1) -
Sweating Normal NO 11 (6/5) Sweat profusely 1 (0/1) -
Breathing rate (times/min) 11.3 5.7 20.82 +5.18 23.67 +4.33 < 0.0001
Wheezing sound Normal Scattered 8 (4/4) Loud and diffuse 7 (3/4) -

Mild asthma: The severity of asthma was mild. Severe asthma: The severity of asthma was severe (severe asthma patients have an exacerbated status). P is the

p-value; p < 0.05 was considered statistically significant.

Number: CSSDSYY-YXLL-SC-2023-01-05), and all par-
ticipants provided informed consent. Based on the above
requirements, the subjects could be divided into Healthy,
Mild, and Severe asthma groups. Clinical sample informa-
tion is provided in Table 1.

Isolation and identification of neutrophils

Following the guidelines from the manufacturer, the
Human Peripheral Blood Neutrophil Isolate Solution Kit
(P9402, Solarbio, Beijing, China) was first used to isolate
neutrophils in peripheral blood from clinical samples. Each
group of cells was collected and centrifuged at 900 rpm for
5 min. Then, the cell pellet was resuspended in 100 pl of basal
culture medium. An appropriate amount of CD11b (11-0112-
82, eBioscience, San Diego, CA, USA) antibody was added.
After incubation, the cells were centrifuged, and the super-
natant was discarded. Finally, the assay was performed by
a flow cytometer (A0O-1-1102, Beckman, Brea, CA, USA).

HL-60 cell differentiation model

The human promyelocytic leukemia cell line HL-60
was derived from Abiowell (AW-CCHO71, Changsha,
China) and cultured in IMDM medium (iCell-0008, iCell
Bioscience Inc, Shanghai, China) containing 20% FBS
(10099141, Gibco, Grand Island, NY, USA) and 1% pen-
icillin-streptomycin (SV30010, Beyotime, Shanghai, Chi-
na) under conditions maintained at 37°C, 5% CO,, satu-
rated humidity. HL-60 cells with a density of 10 cells/ml
were differentiated into neutrophil-like cells using 1.3%
dimethylsulfoxide (DMSO, D8371, Solarbio) for 6 days.
Giemsa staining and RT-qPCR experiments were used to
identify the status of cell transformation. Neutrophil-like
cells were treated with 1 uM rapamycin (RAP, IR0010,
Solarbio) for 48 h to activate autophagy [21].
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To investigate the mechanism of SHP2 affecting
the autophagy of neutrophil-like cells, the cells were divi-
ded into four groups: 1) Control: Neutrophil-like cells were
cultured normally. 2) RAP: Neutrophil-like cells were
treated with 1 uM Rap for 48 h. 3) RAP + oe-NC: Neu-
trophil-like cells were treated with 1 uM Rap for 48 h and
transfected with overexpression-negative control (oe-NC).
4) RAP + oe-SHP2: Neutrophil-like cells were treated with
1 uM Rap for 48 h and transfected with oe-SHP2.

To explore the effect of SHP2 on NET formation
through the ERKS pathway, neutrophil-like cells were di-
vided into five groups: 1) Control: Neutrophil-like cells
were cultured normally. 2) si-NC: Neutrophil-like cells
were transfected with small interfering RNA-negative
control (si-NC). 3) si-SHP2: Neutrophil-like cells were
transfected with si-SHP2. 4) si-SHP2 + oe-NC: Neutro-
phil-like cells were transfected with si-SHP2 and oe-NC.
5) si-SHP2 + oe-ERKS: Neutrophil-like cells were trans-
fected with si-SHP2 and oe-ERKS.

To investigate the effect of SHP2 on autophagy and
NET formation in peripheral blood-derived neutrophils
from asthma patients, the cells were divided into three
groups: 1) Neutrophils: Neutrophils were cultured nor-
mally. 2) si-NC: Neutrophils were transfected with si-NC.
3) si-SHP2: Neutrophils were transfected with si-SHP2.

Cell transfection

When the degree of cell fusion reached 70-80%, cell
transfection was carried out for 48 h using Lipofectamine
2000 (11668019, Invitrogen, Carlsbad, CA, USA). Neu-
trophil-like cells or neutrophils were transfected with
oe-SHP2 (HG-HO002834), si-SHP2 (HG-HS 002834),
oe-ERKS5 (HG-HO002749) or their negative controls. All
plasmid sequences were synthesized by HonorGene.
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Enzyme-linked immunosorbent assay (ELISA)

The levels of IL-4, IL-8, and IL-17 in clinical blood
samples and neutrophil-like cells were assessed accord-
ing to the ELISA kit instructions. The Human IL-4 Kit
(KE00016), IL-8 Kit (KE00006) and IL-17 Kit (KE00203)
were all ordered from Proteintech. In addition, the dsDNA
level in the cells was measured using the kit (YJ060072,
YuanjuBio, Shanghai, China). Briefly, the steps were as
follows: 100 pl of the enzyme-labeled reagent was added,
followed by incubation for 60 min. After washing, 50 pl
of chromogens were added. Finally, the absorbance values
of each well were measured at a wavelength of 450 nm
after the termination of the reaction.

Myeloperoxidase (MPO) activity in the cells was ana-
lyzed according to the manufacturer’s instructions (A044-
1-1, njjcbio, Nanjing, China). Finally, the absorbance value
was measured at a wavelength of 460 nm. MPO activity
(U/1) = (measured value — control value) / 11.3*V.

Real-time quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from cells according to
the Total RNA Extraction (Trizol) (15596026, Thermo,
Waltham, MA, USA) method specification. Then, the
absorbance values of total RNA at 260 nm and 280 nm
were measured, and their concentration and purity were
calculated. The samples were subjected to RT-qPCR in
a real-time PCR instrument (QuantStudio 1, ABI, Foster,
CA, USA) with SYBR Mix (15 pl), positive primer (1 pl),
negative primer (1 ul), cDNA (2 pl), RNase Free ddH,0
(11 pl). Reverse transcription products were obtained and
detected in fluorescence. The 2-AACt method was used to
calculate the relative expression of each gene of interest,
and 3 complex wells were set up for each sample. GAPDH
was used as the internal reference gene. Primer sequences
are shown in Table 2.

Immunofluorescence (IF) staining

Suspended cells were spread evenly on the slide, and
the slide was dried and rinsed with water. Then 0.3% Tri-
ton X-100 was used to permeate for 30 min. After washing,
5% BSA was added to the block for 60 min. Subsequently,

Table 2. Primer sequences used in the study
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appropriate diluted LC3 (1 : 50, 14600-1-AP, PTG, USA)
was added to the slides and incubated overnight at 4°C.
Then 50-100 pl of Goat anti-Rabbit IgG (H+L) Secondary
Antibody Alexa Fluor488 (1 : 200, AWS0005c, Abiowell)
was added and incubated with LC3 for 90 min.

In addition, an HRP secondary antibody was added
after incubation with MPO (1 : 50, 22225-1-AP, PTG).
TSA-570 (AWI0702b, Abiowell) was then added to the re-
action mixture for 10 min. After the last round of antibody
elution, an endogenous peroxidase-blocking agent was in-
cubated in the dark for 10 min. After blocking with BSA,
citrullinated histone 3 (cit-H3, 1 : 50, ab281584, Abcam,
UK) was incubated. After the HRP secondary antibody and
TSA-570 were added, the previous round of antibodies
was eluted. DAPI working solution (AWI0429, Abiowell)
was applied to stain the nucleus for 10 min, and the slices
were sealed with glycerol. Finally, images were acquired
by fluorescence microscopy (400x) and photographed.
LC3 or MPO showed green fluorescence, cit-H3 showed
red fluorescence, and DAPI showed blue fluorescence.

Western blot (WB) analysis

Cells from each group were collected and rinsed with
pre-chilled PBS buffer, and RIPA lysate (AWBO0136,
Abiowell) was added to lyse the cells. After the pro-
tein concentration had been measured with the BCA kit
(AWBO0104, Abiowell), the corresponding volume of pro-
tein was added to the 5 x loading buffer (AWBO0055, Abio-
well) to mix. The electrophoresis constant voltage was
75 V, and the time was 130 min. The transfer current was
300 mA. After transfer, the membrane was rinsed once
in 1xPBST, and then the membrane was completely im-
mersed in the blocking solution and shaken for 90 min.
Primary antibodies were diluted in a ratio with 1xPBST:
beclinl (BECN1, AWAO00914, 1 : 1000, Abiowell),
LC3II/TI (AWAO01019, 1 : 1000, Abiowell), p62 (66184-1-Ig,
1 : 10000, Proteintech), SHP2 (ab32083, 1 : 1000, Abcam),
MPO (22225-1-AP, 1 : 1000, Proteintech), neutrophil elas-
tase (ELANE, AWA42997, 1 : 1000, Abiowell), peptidyl
arginine deiminase 4 (PADI4, 17373-1-AP, 1 : 1000,
Proteintech), ERK5 (AWAO00874, 1 : 1000, Abiowell),
and B-actin (AWAS80002, 1 : 5000, Abiowell). The mem-
brane was incubated with the primary antibody at 4°C over-

Targets F(5'-3) R (5'-3)

H-CDl1a TGGAAGCATTTTGTTTGCTGC CTTCAGCAGAGCATCAGGGT
H-CDl11b CTTGCCCTCTCACTCCGACT CCAAAGAACGGGATGTCACACT
H-CD18 AAGTGACGCTTTACCTGCGAC AAGCATGGAGTAGGAGAGGTC
H-SHP2 GCCGCTCATGACTATACGCT TCTCCGTATTCCCCTGGAGT
H-ERKS5 AAGTAAGTGAGCCACCCTCG TAAGCAGGGCCAGGTTCTTG
H-GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC
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night and left at room temperature for 30 min the next day.
After washing, HRP goat anti-mouse IgG (SA00001-1,
1:5000, Proteintech) and HRP goat anti-rabbit IgG
(SA00001-2, 1 : 6000, Proteintech) were incubated with
the membrane for 90 min. Finally, ECL chemilumines-
cence solution (AWBO0005, Abiowell) was incubated with
the membrane for 1 min and observed with a chemilumi-
nescence imaging system (ChemiScope 6100, Clinx Sci-
ence Instruments, Shanghai, China).

Giemsa staining

Cells from each group were collected and fixed by add-
ing 1 ml of 4% paraformaldehyde solution for 30 min, and
then 50 pl of Giemsa staining solution was used to the stain
for 10 min. After washing for 30 s, they were observed un-
der the microscope (DSZ2000X, Cnmicro, Beijing, China).

Cell Counting Kit-8 (CCK-8) assay

The CCK-8 kit (NU679, DOJINDO, Japan) was used
to detect the viability of each group of cells. Cells from the
logarithmic growth phase were seeded in 96-well plates
with a density of 5 x 10° cells/well, 100 pl per well. Af-
ter the corresponding culture time had elapsed, the medi-
um was replaced, and 100 pl/well of CCK-8-containing
medium was added. Finally, the optical density value at
450 nm was analyzed with a microplate reader (MB-530,
Heales, Shenzhen, China), and the mean value was taken
for a histogram.

Statistical analysis

All experimental data were analyzed with GraphPad
Prism8.0. Each value was presented as the mean + stan-
dard deviation. A parametric ¢ test or one-way analysis of
variance (ANOVA) was used to detect the significance of
differences. The Pearson correlation test was utilized to
analyze the correlation between variables. P < 0.05 was
considered statistically significant.

Results

Decreased neutrophil autophagy
in the peripheral blood of asthma patients

Blood biochemical test results showed that the per-
centage of neutrophils showed a gradual decrease when
comparing the Healthy, Mild asthma, and Severe asthma
groups. Because asthma is an inflammatory disease, we
measured the levels of the inflammatory factors IL-4, IL-8,
and IL-17 in the peripheral blood of asthma patients.
ELISA results showed that IL-4, IL-8 and IL-17 levels were
significantly higher in the Mild and Severe asthma groups
compared with the Healthy group. Moreover, in the Severe
asthma group it was significantly higher than the Mild asth-
ma group (Fig. 1A). The percentage of neutrophils in the
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blood could be used to assess the severity of asthma [22].
Flow cytometry results indicated that the positive rate of
CD11b was increased gradually with the severity of asthma
(Fig. 1B). To validate the activation status of neutrophils
in peripheral blood, RT-qPCR was conducted to assess the
expression levels of the activation markers CD11a, CD11b,
and CD18 on neutrophils. The mRNA expression of these
markers was notably lower in the Healthy group than in the
Mild and Severe asthma groups and significantly higher
in the Severe asthma group than in the Mild asthma group
(Fig. 1C). Subsequently, we evaluated the expression of
the autophagy marker LC3 in neutrophils by IF. The ex-
pression of LC3 in the Mild and Severe asthma groups was
significantly lower than that in the Healthy group. LC3 ex-
pression was lower in the severe group compared with the
Mild group (Fig. 1D). It has been reported that both BECN1
and LC3 are classical autophagy-related proteins [23, 24],
and the conversion from LC3-I to LC3-II has been com-
monly used to detect autophagy status [25]. Therefore, we
detected the expression levels of BECN1, LC3 and p62 by
WB. The results showed that the BECN1 expression and the
LC3-I conversion level gradually decreased with the sever-
ity of asthma, while the p62 expression gradually increased
with the severity of asthma (Fig. 1E). The above data indi-
cated an abnormal increase in activated neutrophils, and au-
tophagy was significantly reduced in patients with asthma.

NET formation of neutrophils was upregulated
in the peripheral blood of asthma patients

To further explore the formation of neutrophil NETs
in asthma patients, we evaluated two key proteins for NET
formation by IF. The results showed that the expression
levels of MPO and cit-H3 were notably elevated in asthma
patients and higher in the Severe asthma group than in the
Mild asthma group (Fig. 2A). In addition, the dsDNA level
was used to quantify NET production in the neutrophil su-
pernatant of healthy individuals and patients with asthma.
The results indicated that dSDNA levels in asthma patients
were significantly higher than in the healthy individuals
and increased significantly with asthma severity (Fig. 2B).
We also assessed MPO activity in neutrophils. In the Mild
asthma group, the MPO activity was significantly higher
than that in the Healthy group, while in the Severe asthma
group, the MPO activity was significantly higher compared
to the Mild asthma group (Fig. 2C). Taken together, these
findings showed that NET formation and neutrophils were
closely associated with asthma development.

SHP2 was highly expressed in the neutrophils
of asthma patients

Subsequently, we assessed SHP2 expression in neutro-
phils from clinical samples. The RT-qPCR and Western blot-

ting results indicated a gradual increase in both the mRNA
and protein expression levels of SHP2 from the Healthy to
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Fig. 1. Decreased neutrophil autophagy in the peripheral blood of asthma patients. A) The contents of IL-4, IL-8 and
IL-17 in serum were measured using ELISA. B) Flow cytometry was utilized to measure the percentage of neutrophils in
peripheral blood. C) Expression of neutrophil activity markers CD11a, CD11b and CD18 was detected using RT-qPCR.
*p < 0.05 vs. Healthy and *p < 0.05 vs. Mild asthma
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the Mild and to the Severe asthma groups, as depicted in
Figure 3A, B. Subsequently, to elucidate the association be-
tween expression of SHP2 and autophagy-related factors,
Pearson’s correlation analysis was conducted to examine
their correlations. As illustrated in Figure 3C, D, SHP2
exhibited a negative correlation with BECN1 and LC3
while showing a positive correlation with p62 and MPO.

SHP2 inhibited autophagy in neutrophil-like cells

HL-60 and neutrophil-like cells were subjected to
Giemsa staining, and microscopic examination revealed
the distinctive polarized morphology of neutrophil-like
cells, characterized by contracted tails and front wrin-
kles, as illustrated in Figure 4A. Additionally, CD11b was
identified as a differentiation and maturation marker for
neutrophils derived from HL-60 cells [26]. We examined
the CD11b expression in cells after 6 days of DMSO treat-
ment using RT-qPCR. In the Neutrophil-like cell group,
the CD11b expression was significantly higher than in the
HL-60 group (Fig. 4B). These data indicated successful in-
duction of neutrophil-like cells. Then, we treated the cells
with the autophagy inducer RAP. The RT-qPCR and WB
results indicated that the expression level of SHP2 did not
differ significantly from the Control group after RAP treat-
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Fig. 1. Cont. E) WB was used to analyze the protein ex-
pression of BECN1, LC3 and p62 in neutrophils. *p < 0.05
vs. Healthy and *p < 0.05 vs. Mild asthma

ment. SHP2 expression was significantly higher in the RAP
+ 0e-SHP2 group compared with the RAP + oe-NC group
(Fig. 4C, D). This result verified the successful transfection
of oe-SHP2. Subsequently, the CCK-8 assay showed that
the viability of neutrophil-like cells in the RAP group was
significantly lower compared with the Control group. After
overexpression of SHP2, the cell viability was significantly
increased (Fig. 4E). To further investigate the mechanism
of SHP2 affecting the autophagy of neutrophil-like cells,
we evaluated the autophagy of neutrophil-like cells through
IF and WB. The results demonstrated that the expression
levels of BECN1 and LC3 were increased after RAP treat-
ment. Then, the expression levels of BECN1 and LC3 were
significantly increased in the RAP + oe-SHP2 group. Cor-
respondingly, the expression level of p62 in each group
was opposite to the trend of BECN1 and LC3 (Fig. 4F, G).
The above data indicated that SHP2 could show the auto-
phagy of neutrophil-like cells.

Inhibition of NET formation in neutrophil-like
cells through down-regulating the SHP2/ERKS
pathway

To explore the effect of SHP2 on NET formation, we
interfered with SHP2 expression in neutrophil-like cells.
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The RT-qPCR and WB results verified the success of si-
SHP2 transfection (Fig. 5A). Subsequently, we examined
some relevant indicators of NET formation. The expres-
sion levels of cit-H3, dsDNA level and MPO activity in the
si-SHP2 group were lower than those in the si-NC group
(Fig. 5B, D). In addition, we used WB to examine genes
for proteins involved in the formation of NETs. The re-
sults indicated that the expression levels of MPO, ELANE
and PADI4 were significantly decreased after interfering
with SHP2 expression (Fig. SE). At the same time, ERK5
protein expression was significantly lower in the si-SHP2
group than in the si-NC group (Fig. 5F). To further in-
vestigate whether SHP2 inhibits NET formation by sup-
pressing ERKS5 expression, we cotransfected si-SHP2 and
oe-ERKS and their negative controls in neutrophil-like
cells. The RT-qPCR and WB results showed a significant
increase in ERK5 expression but no significant change in
the SHP2 after overexpression of ERKS (Fig. 5G). This
result indicated that SHP2 could regulate ERKS5 expres-
sion. Subsequently, our findings revealed that ERKS
overexpression partially counteracted the inhibitory ef-
fect of si-SHP2 on NET formation in neutrophil-like cells
(Fig. 5H-K). In summary, the above results indicated that
SHP?2 regulated NET formation through the ERKS path-
way in neutrophil-like cells.

Down-regulation of SHP2 promoted autophagy
and inhibited the formation of NETs

in peripheral blood-derived neutrophils

from asthma patients

We detected the expression of SHP2 and ERKS in pe-
ripheral blood-derived neutrophils from asthma patients.
As shown in Figure 6A, the expression levels of SHP2 and
ERKS were significantly lower in the si-SHP2 group com-
pared with the si-NC group. After silencing the expres-
sion of si-SHP2, the distribution of LC3 and the protein
expression levels of BECN1 and LC3 in the neutrophils
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were significantly decreased. The p62 protein expression
in the si-SHP2 group was significantly lower compared to
the si-NC group (Fig. 6B, C). The above results suggested
that interfering with SHP2 expression inhibited autophagy
in neutrophils from asthma patients.

Moreover, we also evaluated NET formation using
IF, ELISA and WB in neutrophils from asthma patients.
The results demonstrated that cit-H3 expression, dsSDNA
level and MPO activity were significantly decreased after
interfering with si-SHP2 (Fig. 6D-F). The protein expres-
sion levels of MPO, ELANE and PADI4 in the si-SHP2
group were significantly lower than those in the si-NC
group (Fig. 6G). To sum up, our study demonstrated that
SHP?2 played an important role in regulating neutrophil au-
tophagy and NET formation in asthma patients.

Discussion

Neutrophils are immune cells, and inappropriate or
abnormal neutrophil activation harmed the host and led to
autoimmune and inflammatory diseases [4]. Neutrophils in
the airways of asthmatic patients were associated with dis-
ease severity and acute asthma exacerbations [27]. In this
study, the levels of inflammatory factors IL-4, IL-8, and
IL-17 were highest in the peripheral blood of patients with
severe asthma, while the number of neutrophils gradually
increased in blood samples from healthy to mild and se-
vere asthma patients. These observations further validated
that measuring peripheral blood neutrophils could serve
as a method for assessing the severity of human asthma.

In our study, we examined the neutrophil autophagy in
the peripheral blood of asthma patients. The results indi-
cated that the autophagy-related factors BECN1, LC3 and
p62 were abnormally expressed in asthma patients. These
data suggested that autophagy of neutrophils was strong-
ly associated with asthma, which was consistent with the
findings of Quoc et al. [28]. In addition, autophagy activa-
tion correlated with NET production in neutrophils [29].
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NET formation could occur through a cell death process
known as NETosis or in association with the release of
DNA from surviving neutrophils [30]. The study by Keir
et al. demonstrated that NET was a key marker of disease
severity and response to therapy in bronchiectasis [31].
Neutrophil autophagy and NET aggravated the severity of
asthma by damaging the airway epithelium and triggering
an inflammatory response [32]. Autophagy drove NET
formation in neutrophils, thereby promoting pulmonary
fibrosis [33]. In contrast, the autophagy activator mTOR
reduced signs of pulmonary inflammation in the lungs of
mice with cystic fibrosis [34]. Racanelli et al. suggested
that autophagy might exert a more significant protective
influence on airway inflammation and hyperresponsive-
ness within the framework of innate immune cell signaling
[9]. Our data indicated that NET formation was markedly
increased in neutrophils from asthmatic patients and that
SHP2 was significantly correlated with autophagy and
NET-related factors.

Subsequently, we found that SHP2 overexpression
partially counteracted the inhibitory effect of RAP on cell
viability. At the same time, our data also indicated the in-
hibitory effect of SHP2 on autophagy in neutrophil-like
cells. Studies showed that SHP2 could be closely related
to the autophagy mechanism. Inhibition of SHP2-related
pathways by knocking out SHP2 or pharmacological in-
hibitors could significantly alleviate the inhibition of apop-
tosis and autophagy in mouse models of ovarian cancer
[35]. Moreover, SHP2 could enhance autophagy in non-
small cell lung cancer cells by promoting the MEK/ERK
pathway, thereby promoting invasion and metastasis of
non-small cell lung cancer cells [36]. Karampitsakos et al.

—_
W

Relative mRNA expression of SHP2 2>
5

0.5 4
*
: =
Control si-NC si-SHP2

SHP2 inhibits neutrophils autophagy and promotes NET formation

demonstrated that SHP2 reduced the fibrotic response in
a lung fibroblast cell line by inducing autophagy [37].
Findings have indicated that SHP2 may have different ef-
fects on autophagy in different diseases. Recently, it was
reported that the suppression of SHP2 in human neutrophil
lines enhanced the release of proinflammatory cytokines
and NETSs, underscoring the pathogenic impact of plasma-
derived exosomal SHP2 deficiency in fueling neutrophil
activation [38]. This was consistent with the results of
our study. We interfered with SHP2 expression in neu-
trophil-like and neutrophil-like cells. We further verified
that SHP2 could regulate autophagy and NET formation in
neutrophils through ERKS.

ERKS, a member of the MAPK family, has been found
to be involved in a variety of cellular functions and to be
associated with NET formation [39, 40]. El-Deeb et al.
suggested ERKS as a molecular signal transducer involved
in the regulation of autophagy in Parkinson’s rats [41].
The molecular mechanism of ERKS in asthma has not yet
been elucidated. Our study revealed that ERKS overex-
pression partially counteracted the inhibitory effect of si-
SHP2 on NET formation in neutrophil-like cells.

However, several limitations need to be addressed in
future work. Firstly, the results of this study were obtained
based on clinical blood samples and cell models, and we
could not determine whether the SHP2/ERKS5 pathway
could directly act on asthma disease. Due to limited con-
ditions, we were unable to collect more clinical samples.
Therefore, it is imperative for future research to increase
the sample size in clinical studies and validate the role
of the SHP2/ERKS pathway in an in vivo asthma model.
Secondly, this study explored only the SHP2/ERKS path-
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Fig. 5. Inhibition of NET formation in neutrophil-like cells through down-regulating the SHP2/ERKS5 pathway.
A) RT-qPCR and WB were performed to detect SHP2 expression. *p < 0.05 vs. si-NC and *p < 0.05 vs. si-SHP2 + oe-NC
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way in the regulatory mechanism of neutrophilic asthma.
However, it was not determined whether it also applies to
type 2 inflammation and eosinophilic asthma. Therefore,
addressing these issues will help to improve the credibility
of this study.

In conclusion, our study demonstrated that increased
SHP2 expression level was associated with clinical sever-
ity in patients with asthma. Moreover, the SHP2/ERKS
pathway was involved in the regulation of neutrophil auto-
phagy and the formation of NETs. Therefore, SHP2 has
the potential to become a new indicator for determining
the severity and treatment of asthma.

Funding

This work was supported by Changsha Natural Science
Foundation (kq2208465).

Disclosures

The use of human clinical samples for experimenta-
tion was approved by the Ethics Committee of The Fourth
Hospital of Changsha (Approval Number: CSSDSYY-

Central European Journal of Immunology 2024; 49(3)

YXLL-SC-2023-01-05), and all participants provided in-
formed consent.
The authors declare no conflict of interest.

References

1. Mims JW (2015): Asthma: definitions and pathophysiology.
Int Forum Allergy Rhinol 5 Suppl 1: S2-6.

2. Li W, Gao R, Xin T, Gao P (2020): Different expression lev-
els of interleukin-35 in asthma phenotypes. Respir Res 21: 89.

3. Dong H, Yang W, Li W, et al. (2023): New insights into au-
tophagy in inflammatory subtypes of asthma. Front Immunol
14: 1156086.

4. Burn GL, Foti A, Marsman G, et al. (2021): The neutrophil.
Immunity 54: 1377-1391.

5. Monteseirin J (2009): Neutrophils and asthma. J Investig Al-
lergol Clin Immunol 19: 340-354.

6. Hosoki K, Ying S, Corrigan C, et al. (2015): Analysis of
a panel of 48 cytokines in BAL fluids specifically identifies
IL-8 levels as the only cytokine that distinguishes controlled
asthma from uncontrolled asthma, and correlates inversely
with FEV1. PLoS One 2015; 10: e0126035.

7. Hudey SN, Ledford DK, Cardet JC (2020): Mechanisms of
non-type 2 asthma. Curr Opin Immunol 66: 123-128.

8. Xia M, Xu F, Ni H, et al. (2022): Neutrophil activation and
NETosis are the predominant drivers of airway inflammation in
an OVA/CFA/LPS induced murine model. Respir Res 23: 289.

271



Dandan Shi et al.

11.

12.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

272

. Racanelli AC, Kikkers SA, Choi AMK, Cloonan SM (2018):

Autophagy and inflammation in chronic respiratory disease.
Autophagy 14: 221-232.

.Lv X, Li K, Hu Z (2020): Asthma and autophagy. Adv Exp

Med Biol 1207: 581-584.

Yang F, Kong J, Zong Y, et al. (2022): Autophagy-related
genes are involved in the progression and prognosis of asthma
and regulate the immune microenvironment. Front Immunol
13: 897835.

Martinez J, Cook DN (2021): What’s the deal with efferocy-
tosis and asthma? Trends Immunol 42: 904-919.

Barnes PJ, Baker J, Donnelly LE (2022): Autophagy in
asthma and chronic obstructive pulmonary disease. Clin Sci
(Lond) 136: 733-746.

Yu 'Y, Sun B (2020): Autophagy-mediated regulation of neu-
trophils and clinical applications. Burns Trauma 8: tkz001.
Qiu Z, Zhou J, Liu F, et al. (2017): Deletion of Shp2 in bron-
chial epithelial cells impairs IL-25 production in vitro, but has
minor influence on asthmatic inflammation in vivo. PLoS One
12: e0177334.

. Yuan L, Liu H, Du X, et al. (2023): Airway epithelial ITGB4

deficiency induces airway remodeling in a mouse model.
J Allergy Clin Immunol 151: 431-446.e16.

Xia LX, Hua W, Jin Y, et al. (2016): Eosinophil differen-
tiation in the bone marrow is promoted by protein tyrosine
phosphatase SHP2. Cell Death Dis 7: e2175.

Chang CJ, Lin CF, Chen BC, et al. (2022): SHP2: The protein
tyrosine phosphatase involved in chronic pulmonary inflam-
mation and fibrosis. IUBMB Life 74: 131-142.

.Ding Y, Ouyang Z, Zhang C, et al. (2020): Tyrosine phos-

phatase SHP2 exacerbates psoriasis-like skin inflammation
in mice via ERK5-dependent NETosis. MedComm (2020) 3:
el120.

Guidelines for bronchial asthma prevent and management
(2020 edition) Asthma group of Chinese Throacic Society.
Zhonghua Jie He He Hu Xi Za Zhi 43: 1023-1048.

Cocchi V, Javega B, Gasperini S, et al. (2022): 6-(methylsul-
fonyl) hexyl isothiocyanate: A chemopreventive agent induc-
ing autophagy in leukemia cell lines. Biomolecules 12: 1485.
Zhu LM, Zeng D, Lei XC, et al. (2020): KLF2 regulates neu-
trophil migration by modulating CXCR1 and CXCR?2 in asth-
ma. Biochim Biophys Acta Mol Basis Dis 1866: 165920.
Deng Z, Sun M, Wu J, et al. (2021): SIRT1 attenuates sep-
sis-induced acute kidney injury via Beclinl deacetylation-me-
diated autophagy activation. Cell Death Dis 12: 217.

Chen Y, Pan X, Zhao J, et al. (2022): Icariin alleviates osteo-
arthritis through PI3K/Akt/mTOR/ULKI1 signaling pathway.
Eur J Med Res 27: 204.

Mizushima N, Yoshimori T (2007): How to interpret LC3
immunoblotting. Autophagy 3: 542-545.

Carrigan SO, Weppler AL, Issekutz AC, Stadnyk AW (2005):
Neutrophil differentiated HL-60 cells model Mac-1 (CD11b/
CD18)-independent neutrophil transepithelial migration. Im-
munology 115: 108-117.

Ray A, Kolls JK (2017): Neutrophilic Inflammation in Asth-
ma and Association with Disease Severity. Trends Immunol
38:942-954.

Quoc QL, Cao TBT, Kim SH, et al. (2023): Endocrine-dis-
rupting chemical exposure augments neutrophilic inflamma-
tion in severe asthma through the autophagy pathway. Food
Chem Toxicol 175: 113699.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pham DL, Ban GY, Kim SH, et al. (2017): Neutrophil autoph-
agy and extracellular DNA traps contribute to airway inflam-
mation in severe asthma. Clin Exp Allergy 47: 57-70.

Poto R, Shamji M, Marone G, et al. (2022): Neutrophil extra-
cellular traps in asthma: Friends or foes? Cells 11: 3521.
Keir HR, Shoemark A, Dicker AJ, et al. (2021): Neutrophil
extracellular traps, disease severity, and antibiotic response
in bronchiectasis: an international, observational, multicohort
study. Lancet Respir Med 9: 873-884.

Pham DL, Kim SH, Losol P, et al. (2016): Association of
autophagy related gene polymorphisms with neutrophilic air-
way inflammation in adult asthma. Korean J Intern Med 31:
375-385.

Araya J, Kojima J, Takasaka N, et al. (2013): Insufficient au-
tophagy in idiopathic pulmonary fibrosis. Am J Physiol Lung
Cell Mol Physiol 304: L56-69.

Junkins RD, Shen A, Rosen K, et al. (2013): Autophagy en-
hances bacterial clearance during P. aeruginosa lung infection.
PLoS One 8: €72263.

Li GN, Zhao XJ, Wang Z, et al. (2022): Elaiophylin triggers
paraptosis and preferentially kills ovarian cancer drug-resis-
tant cells by inducing MAPK hyperactivation. Signal Trans-
duct Target Ther 7: 317.

Xu X, LiY, XuR, etal. (2024): CD74-ROS1 L2026M mu-
tant enhances autophagy through the MEK/ERK pathway to
promote invasion, metastasis and crizotinib resistance in non-
small cell lung cancer cells. Febs J 291: 1199-1219.
Karampitsakos T, Galaris A, Barbayianni I, et al. (2023): SH2
Domain-containing phosphatase-SHP2 attenuates fibrotic re-
sponses through negative regulation of mitochondrial metab-
olism in lung fibroblasts. Diagnostics (Basel) 13: 1166.

Cai J, Wang Q, Tan S, et al. (2024): Plasma-derived exosomal
protein SHP2 deficiency induces neutrophil hyperactivation
in Behcet’s uveitis. Exp Eye Res 239: 109785.
Carmona-Rivera C, Purmalek MM, Moore E, et al. (2017):
A role for muscarinic receptors in neutrophil extracellular trap
formation and levamisole-induced autoimmunity. JCI Insight
2: e89780.

Park HB, Baek KH (2022): E3 ligases and deubiquitinating
enzymes regulating the MAPK signaling pathway in cancers.
Biochim Biophys Acta Rev Cancer 1877: 188736.

El-Deeb AM, Mohamed AF, El-Yamany MF, El-Tanbouly
DM (2023): Novel trajectories of the NK1R antagonist aprep-
itant in rotenone-induced Parkinsonism-like symptoms in rats:
Involvement of ERKS5/KLF4/p62/Nrf2 signaling axis. Chem
Biol Interact 380: 110562.

Central European Journal of Immunology 2024; 49(3)



