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Abstract— Asthma is a chronic disease closely related to airway inflammation. It has been
proven that type 2 innate lymphoid cells (ILC2s) play an essential role in airway inflam-
mation in asthma. Furthermore, there is growing evidence that Follistatin-like 1 (FSTL1)
can participate in various inflammatory reactions mediated by the JAK/STAT signaling
pathway, among others. Therefore, we put forward a new hypothesis: FSTL1 promotes
asthmatic airway inflammation by activating ILC2. This study generated an ovalbumin-
sensitized asthma model in C57BL/6 and Fst/1"~ mice. The results showed that the abso-
lute number and the proportion of ILC2 in the ovalbumin-challenged Fst/1*/~ group were
lower than in the ovalbumin-challenged wild-type group. We also measured the levels of
Th2-type cytokines in the serum and bronchoalveolar lavage fluid (BALF) of mice and
found that the corresponding cytokines in the Fstl1*/~ were lower than in the wild-type
groups. Finally, we tested whether MEK-JAK-STAT-GATA3 is the specific pathway for
FSTLI to activate ILC2, and further tested our working hypothesis by adding various
inhibitors of proteins from this pathway. Overall, these findings reveal that FSTL1 can
activate ILC2 through MEK-JAK-STAT-GATA3 to promote airway inflammation and
participate in the pathogenesis of asthma.
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INTRODUCTION

Asthma is a heterogeneous disease usually char-
acterized by chronic airway inflammation and affects
1-22% of the population in different countries [1]. Aller-
gic asthma is a significant phenotype of asthma, and Th2-
type cytokines are essential for driving the pathology of
allergic diseases, such as allergic asthma and allergic rhi-
nitis [2]. When environmental allergens are encountered
by dendritic cells (DCs), they are uptaken, processed into
peptides, and presented to naive CD4* T-cells, inducing
the production of Th2-type T-cells and large numbers of
Th2-type cytokines such as interleukin-4 (IL-4), IL-5,
IL-9, and IL-13, which can activate the effector cells of
allergy [3]. Like the Th2-type T-cells, group 2 innate lym-
phoid cells ILC2s) can also generate Th2-type cytokines,
mainly IL-4, IL-5, and IL-13, but they respond to envi-
ronmental pathogens and potentially immunogenic trig-
gers at the onset of inflammation, i.e., before the adaptive
responses develop [4].

ILC2s are a group of lymphocyte subsets that lack
T-cell or B cell diversified antigen receptors [5]. They
develop from the common lymphocyte progenitors pre-
sent in fetal liver and bone marrow and are mainly con-
trolled by the GATA binding protein 3 (GATA3) tran-
scription factor [5, 6]. ILC2 is a Lin~ cell group that
simultaneously expresses CD45, CD127, spinocerebel-
lar ataxia type 1 (SCA1), CD278, killer cell lectin-like
receptor G1 (KLRG1), and CD25, and differentially
expresses CD117, IL-33R (ST2), and IL-17BR [5, 7].
In humans and mice, ILC2s are found in the spleen,
intestine, liver, lung, and airways [8]. In mice, they are
highly specific in the expression of ST2 [7]. In humans,
ILC2s specifically express CD294 and CD161 [7]. ILC2s
play a key role in maintaining tissue homeostasis, espe-
cially in early resistance to infection, pathophysiological
mechanisms of the allergic inflammatory response, and
tissue injury and repair [9]. There is growing evidence
that ILC2 plays an essential role in allergic asthma.
Studies have found that the proportion of ILC2s in the
peripheral blood of patients with eosinophilic asthma is
higher than in non-eosinophilic patients and the healthy
control group [10]. A recent epigenetic study showed
a strong correlation between gene regulation mecha-
nisms of ILC2s and the genetic basis of asthma, which
also confirmed the pathogenic role of ILC2s in asthma
patients [11].

Follistatin-like 1 (FSTL1), also known as TGF-
B1-stimulated clone 36 (TSC-36), is a glycoprotein

that belongs to the secreted protein acidic and rich in
cysteine (SPARC) family [12]. FSTLI1 is closely asso-
ciated with the pathogenesis and development of vari-
ous diseases, such as systemic autoimmune diseases
(SADs), tumor growth and metastasis, myocardial
infarction, cardiac hypertrophy, and mitral valve dis-
ease [13]. FSTLI1 acts as a pro-inflammatory cytokine
in many SADs, such as arthritis [14, 15]. In rheumatoid
arthritis, Ad-mFstl1 can increase the secretion of pro-
inflammatory cytokines, interferon-y (IFN-y), tumor
necrosis factor-a (TNF-a), IL-1p, and IL-6, induc-
ing synovitis with infiltration of inflammatory cells
in the synovium and surrounding tissue [16]. Mean-
while, overexpression of FSTL1 in cultured mono-
cytes, macrophages, or septic shock mouse models
can induce caspase-1 and the nod-like receptor fam-
ily, pyrin domain-containing 3 (NLRP3), confirming
that FSTL1 mediates pro-inflammatory events [17].
Moreover, stimulation of nucleus pulposus cells with
TNF-a induces FSTL1 secretion, also revealing that
FSTL1 has a positive feedback effect on the inflam-
matory response [18].

Recent studies showed that FSTL1 plays an
important role as a pro-inflammatory cytokine in the
pathogenesis of bronchial asthma, promoting airway
remodeling and airway inflammation in patients with
asthma [19]. The FSTL1 levels in asthmatic patients’
serum and bronchoalveolar lavage fluid (BALF) were
higher than in healthy controls, and the increasing
degree was positively correlated with tracheal air-
way smooth muscle and reticular basement membrane
thickening [19, 20]. Proteomics analysis of the sputum
of patients with asthma showed that FSTLI1 is one of
the most highly expressed proteins [21]. FSTL1 can
also promote epithelial autophagy to induce epithelial-
mesenchymal transition and airway remodeling in
asthma [22].

Our previous study found that serum FSTL1 levels
in patients with asthma were higher than in healthy con-
trols and correlated with an ILC2s increase [10]. Many
studies have shown that IL.-33, IL-25, and thymic stromal
lymphopoietin (TSLP) are strong activators of ILC2, but
we found the correlation between serum FSTL1 levels
and the increasing degree of ILC2s to be even stronger
[5]. Thus, we hypothesized that FSTL1 might be a strong
activator, able to induce the activation of ILC2s, and pro-
mote airway inflammation in asthma. In this study, we
tested this hypothesis and revealed the specific mecha-
nism of how FSTLI activates ILC2.
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MATERIALS AND METHODS

Wild-Type Mice Ovalbumin Sensitization
and Airway Challenge

Eight-week-old female wild-type C57BL/6 mice
were obtained from the Centre of Experimental Animals
of Shandong University. Mice were sensitized by intra-
peritoneal (ip) injection with 100 pg ovalbumin (OVA;
grade V; Sigma, St Louis, MO) and 2 mg of aluminum
hydroxide (Thermo Scientific Pierce, Rockford, IL) in
200 pl of phosphate-buffered saline (PBS) on days 0 and
14, followed by intranasal administration of 200 pg of
OVA in 20 pl of PBS on days 21, 22, and 25. From day
28, mice continued challenges with intranasal OVA twice/
week for 4 weeks. Non-OVA-challenged mice were sen-
sitized and challenged with PBS only.

Fstl1*~ Mice

Fst[1"** mice were a generous gift from Xiang
Gao (Nanjing University, Nanjing, China) and Xu Zhang
(Institute of Neuroscience, Shanghai Institute for Biologi-
cal Sciences, Chinese Academy of Sciences, Shanghai,
China). FstlI*/~ mice, which were generated as described
previously, were sensitized and challenged with OVA, as
described earlier [23]. All mice (10 mice/group) were
euthanized 24 h after the last challenge. Blood, BALF,
lung tissue, and spleen tissue were harvested for further
experiments.

Mouse BALF Collection

BALF was collected by lavaging the lung four times
with 0.5-1 ml of ice-cold PBS via a tracheal catheter.
BALF was centrifuged, and the supernatant was collected
and stored at — 80 °C before use.

Mouse Serum Collection

After the mice were anesthetized with 10% chloral
hydrate, the blood was taken by removing the eyeballs.
Approximately 1 ml of blood was taken from each mouse,
centrifuged at 5,000 rpm for 15 min, and the supernatant
was transferred to a new EP tube. The serum was stored
at—80 °C before use.
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Western Blot Analysis

Cells were lysed in ice-cold RIPA buffer contain-
ing complete protease inhibitor cocktail (Roche) and
1 mM sodium orthovanadate. Protein concentrations
were measured using a Protein BCA Assay Kit (Beyo-
time), and the samples were boiled at 95 °C for 5 min,
resolved in sodium dodecyl sulphate—polyacrylamide
gel electrophoresis, and transferred to poly (vinylidene
fluoride) membranes. Membranes were blocked in 5%
skim milk (w/v) in Tris-buffered saline containing 0.05%
(v/v) Tween 20 (TBST) for 1 h at room temperature and
incubated overnight with the primary antibodies. The fol-
lowing antibodies, acquired from Cell Signaling Tech-
nology unless stated otherwise, were used according to
the manufacturer’s instructions: p-MEK1/2 (Ser221),
p-JAK3 (Tyr980/981), p-STAT3 (Tyr705), p-STATS
(Tyr694), p-STAT6 (Tyr641), and FSTL1 (ab111969;
Abcam). After washing in TBST, the membranes were
incubated in mouse anti-rabbit secondary antibody for
1 h at room temperature. Protein bands were visualized
using a ChemiDoc XRS Imaging System (Bio-rad), and
band intensities were quantified using ImageJ software.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted using RNAiso Plus
(Takara, Japan). cDNA was synthesized using the Prime-
Script™ RT reagent Kit (Takara, Japan). Quantification
of mRNA levels was performed by real-time PCR using
Roche LightCycler480 and SYBR® Premix Ex TagTM II
(Takara, Japan). Gapdh was used as an internal control.
Results were calculated using the comparative AACT
method. Primers were designed to span an intron, and
the sequences were as follows (5' to 3'): Gapdh, ACG
GCCGCATCTTCTTGTGCA (forward), and AATGGC
AGCCCTGGTGACCA (reverse); Fstll, TCACAGCAG
CAATGCCATATCAA (forward) and GATTGGCCA
ACAGACACTGCAGCTA (reverse). All samples were
analyzed in triplicate, and the relative levels were normal-
ized to Gapdh expression.

Hematoxylin—Eosin Staining
and Immunohistochemistry

Paraffin-embedded specimens were sectioned
at 5-um thickness with a microtome and stained with
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hematoxylin—eosin (ZSGB-BIO, China) for inflamma-
tory cell count and morphometric analysis. Other speci-
mens were dewaxed and rehydrated, and antigen retrieval
was performed using 10 mM sodium citrate (pH 6.1).
The sections were then blocked with 5% bovine serum
albumin for 30 min at 37 °C. The slides were incubated
with anti-FSTL1 antibody (ab111969; Abcam) over-
night at 4 °C and then processed with the corresponding
secondary horseradish peroxidase-conjugated antibod-
ies (1:200) for 1 h at room temperature. After washing,
3,3-diaminobenzidine (Zsbio) was applied as the chro-
mogen, resulting in a brown reaction product, and the
sections were counter-stained with hematoxylin. PBS
was used instead of the primary antibody as a negative
control for nonspecific binding.

Enzyme-Linked Immunosorbent Assay

IL-4, IL-5, and IL-13 levels in mice serum and
BALF were measured using a standard enzyme-linked
immunosorbent assay (ELISA; NRC). All analyses and
calibrations were performed in duplicate. Optical den-
sities were determined using an absorbance microplate
reader at 450 nm.

Flow Cytometry

Mice were euthanized and systemically perfused by
PBS injection into the left heart ventricle. Collagenase
IV was dissolved in PBS to prepare a 0.3% digestive
solution to digest the whole minced lungs. We used it
to digest mice’s lungs and spleens in a 37 °C water bath
for 3 h and mixed it up and down every 30 min. Tis-
sues were then filtered with a 70-pm cell strainer and
depleted of erythrocytes by adding an RBC lysis solu-
tion (Solarbio, Beijing, China) for 10 min. Subsequently,
we centrifuged the cells for 10 min at 1,500 rpm, 4 °C,
and discarded the supernatant. Finally, the cell pellet was
diluted in PBS up to 1 ml. The cells were stained with
Mouse Hematopoietic Lineage FITC Cocktail (Ebiosci-
ence), anti-mouse ST2 PE, and anti-mouse CD127 PE-
Cyanine5 at room temperature in the dark for 15 min to
detect ILC2s (Lin~ST2*CD127"). Flow cytometry was
performed using a BD FACS machine after the sample
was filtered into a single cell suspension. Stained cells
were analyzed by flow cytometric analysis using a FAC
Scan cytometer equipped with CellQuest software (BD
Bioscience, CA, USA).

ILC2 Sorting

The digestion process was the same as previously
described. Cells were stained with Mouse Hematopoietic
Lineage FITC Cocktail (Ebioscience), mouse CD45 APC,
anti-mouse ST2 PE, and anti-mouse CD127 PE-Cyanine5
at room temperature in the dark for 15 min to detect
ILC2s (Lin"CD45*ST2*CD127%). Stained cells were
analyzed and sorted by a FACS Aria III Flow Cytometer.

ILC2 Culture In Vitro

Cells were cultured in RPMI 1640 (containing
10% fetal bovine serum, 1% penicillin—streptomycin,
and 1 mM sodium pyruvate) with added IL-2 (10 ng/ml),
IL-7 (10 ng/ml), and IL-33 (10 ng/ml) for ILC2 prolifera-
tion. All cells were grown at 37 °C in humidified air with
5% CO,. The cells were seeded at 1x 10° cells/well in
six-well culture plates. Half of the wells were stimulated
with FSTL1 100 ng/ml for 16-18 h. The remaining half
of the wells were set as the control group without FSTL1
stimulation. Subsequently, we collected the cells and
centrifuged them at 1,000 rpm for 5 min. The cells were
stained with anti-mouse ST2 PE (Ebioscience) and anti-
mouse CD127 PE-Cyanine5 and incubated for 15 min at
room temperature in the dark. Finally, we compared the
number of ILC2 in these wells.

Statistical Analysis

All experiments in this study were performed at
least three times. All statistical analyses were performed
using SPSS 19.0 (Abbott Laboratories, USA). Data were
presented as mean + SD. Continuous variables were
tested by analysis of Student’s #-test. Differences were
considered statistically significant at *p <0.05, **p <0.01,

sk sesiesiesk

p<0.001, and ***p <0.0001.

RESULTS

FSTL1 Is Closely Related to the Asthmatic
Airway Inflammation

It was reported that FSTL1 is closely associated
with the pathogenesis of asthma [19, 21]. To verify
this, we performed hematoxylin and eosin staining and
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Fig. 1 The level of FSTL1 is positively correlated with the degree of airway inflammation. a H&E staining of lung sections in four groups of mice
(200, n=5 per group). b, ¢ Expression of FSTL1 in the airway epithelium and intercellular lung tissue of mice (immunohistochemistry, 200x,
and 400, n=5 per group) and statistical significance of the differences. d The protein level and statistical difference of FSTLI in the murine lung
tissue (Western blotting). e The mRNA level and statistical difference of FSTL1 in mice lung tissue (QRT-PCR). Data were pooled from at least

three independent experiments and presented as the mean + SD. “p <0.05, “*p <0.01, **p <0.001, ns, no significance (Student’s #-test).
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«Fig.2 FSTLI affects ILC2 in the murine lung. a—d The numbers and
percentages of ILC2s (Lin"ST2*CD127") were determined by flow
cytometry from the lung tissue of four groups of mice (FO means
FSTL1*~ OVA, WO means WT OVA, FC means FSTL1*~ CON-
TROL, WC means WT CONTROL). e The absolute number of ILC2
in the lung tissue of four groups of mice and statistical differences. f
The proportion of ILC2 in the lung tissue of four groups of mice and
statistical differences. Data were pooled from at least three independ-
ent experiments and were presented as the mean+SD. “p<0.03,
*p<0.01 (Student’s r-test).

immunohistochemistry to stain mouse lung tissue sec-
tions, Western blotting, and quantitative real-time poly-
merase chain reaction (QRT-PCR) to detect the expression
of FSTLI in mouse lung tissue. Hematoxylin and eosin
staining results showed plenty of inflammatory cell infil-
tration around the asthma groups’ airway tissues, accom-
panied by slight damage to the airway epithelial tissue
and mucosal structure. However, the control groups had
no obvious inflammatory cell infiltration in the airway,
and the epithelial organizational structure was complete.
Comparing the OVA-challenged Fst/I™~model with the
OVA-challenged wild-type(WT) model, we found that
inflammatory cells around the airway tissue in the OVA-
challenged Fstl1*~ mice were significantly fewer than in
the OVA-challenged WT mice (Fig. 1a).

Immunohistochemistry data demonstrated that
the expression of FSTLI1 in the airway epithelium
and between cells in the WT and OVA-challenged
FstlI™~ groups was higher than that of the control group
(Fig. 1b, c). With Western blotting and qRT-PCR, we
analyzed the expression level of Fstl/ in each group
of mice, and the results were consistent with immuno-
histochemistry. The expression in lung tissue of OVA-
challenged Fst11™~ mice and OVA-challenged WT mice
was both higher than that in their corresponding control
group (Fig. 1d, e). These findings indicated that FSTL1 is
closely related to the pathogenesis of asthma, especially
asthmatic airway inflammation.

The Level of FSTL1 Is Closely Related
to the Proportion and Number of ILC2
in the Murine Lung and Spleen

To identify the relationship between FSTL1 and
ILC2, we used flow cytometry to analyze the proportion
and number of ILC2 in the lung and spleen of four groups
of mice (Fig. 2a—d). The results showed that the absolute
number and the proportion of ILC2 in the lung tissue
of the OVA-challenged WT group were higher than in
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the control group (Fig. 2e, f). The absolute number and
the proportion of ILC2 in the lung tissue of the OVA-
challenged Fstl1*/~ group were also higher than in the
control group (Fig. 2e, f). Moreover, the absolute num-
ber and the proportion of ILC2 in the lung tissue of the
OVA-challenged Fstl1*~ group were lower than in the
OVA-challenged WT group (Fig. 2e, f).

The same results were obtained in the spleens of
WT and Fstl1*~ mice (Fig. 3a—d). The absolute number
and the proportion of ILC2 in the spleen of the OVA-
challenged WT group were higher than in the control
group (Fig. 3e, f). Similarly, the absolute number and the
proportion of ILC2 in the spleen of the OVA-challenged
Fstl1™/~ group were also higher than in the control group
(Fig. 3e, f). Meanwhile, the absolute number and the
proportion of ILC2 in the spleen of the OVA-challenged
FstlI™~ group were lower than in the OVA-challenged
WT group (Fig. 3e, f). These results indicated that ILC2s
in the lung and spleen of asthmatic mice were higher than
the healthy control group. Simultaneously, the absolute
number and the proportion of ILC2s in the lung and
spleen of the OVA-challenged Fstl1~ group were lower
than the OVA-challenged WT group. All the differences
above were statistically significant, which suggested that
FSTL1 can promote the increase in the proportion and
number of ILC2 in the lung and spleen of asthmatic mice.

FSTL1 Promotes the Activation
and Proliferation of ILC2

To further clarify the relationship between FSTL1
and ILC2, we used FACS to sort out ILC2 from murine
lung (Fig. 4a). We cultured the sorted ILC2 in vitro and
added FSTL1 stimulation to observe whether FSTL1
could promote the proliferation and activation of ILC2.
After 18 h of FSTL1 stimulation, the proportion of
ILC2 (ST2*CD127") in the FSTL1 stimulation group
(21.50 £ 1.35%) was higher than in the control group
(10.52 +£ 1.15%; Fig. 4b, c). All the results confirmed
that FSTL1 induces ILC2 activation and promotes the
increase of its number as well as the proportion.

FSTL1 Promotes the Massive Release
of Th2-Type Cytokines by Activating ILC2

Some studies revealed that activated ILC2 pro-
duce many Th2-type cytokines, including IL-4, IL-5,
and IL-13. These Th2-type cytokines act on eosinophils,
mast cells, and basophils, promoting the inflammatory
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«Fig.3 FSTL1 affects ILC2 in the murine spleen. a—d ILC2 (Lin~
ST2*CD127%) numbers and percentages were determined by flow
cytometry from spleen tissue of four groups of mice (FO means
FSTL1*~ OVA, WO means WT OVA, FC means FSTL1*~ CON-
TROL, WC means WT CONTROL). e The absolute number of ILC2
in the lung tissue of four groups of mice and statistical differences. f
The proportion of ILC2 in the spleen tissue of four groups of mice
and statistical differences. Data were pooled from at least three inde-
pendent experiments and are presented as the mean+SD. “p<0.03,
*p<0.01 (Student’s r-test).

response of airway tissue of asthmatic patients [24, 25].
Therefore, we used ELISA to detect the levels of 1L-4,
IL-5, and IL-13 in the BALF and serum of the four
groups of mice to verify the activation of ILC2 and air-
way inflammation in each group of mice. ELISA results
showed that the concentrations of IL-4, IL-5, and IL-13
in BALF and serum of the OVA-challenged WT group
were higher than those of the WT control group (Fig. 5a,
b). The same was observed between the OVA-challenged
FstlI~ and FstlI*~ control groups. The concentrations
of the three kinds of cytokines in BALF and serum of the
OVA-challenged Fstl1"~ group were higher than those of
the FstlI*'~ control group (Fig. 5a, b). Moreover, a statisti-
cal comparison revealed that the concentrations of these
cytokines in the OVA-challenged Fst11~ group were also
significantly lower than those of the OVA-challenged WT
group (Fig. 5a, b). These findings indicated that FSTL1
promotes airway inflammation in asthma by inducing the
activation of ILC2.

FSTL1 Induces the Activation of ILC2 Through
the MEK-JAK-STAT-GATA3 Pathway
to Promote Airway Inflammation in Asthma

To explore the specific mechanism of ILC2 acti-
vation by FSTL1, we reviewed the relevant studies and
found that glucocorticoids can inhibit the activation of
ILC2 and the production of Th2 cytokines IL-4, IL-5,
and IL-13 through the signal transducer and activa-
tor of transcription (STAT) signaling pathway [26].
Additionally, the pro-inflammatory effect of FSTL1 is
related to JAK-STAT [27]. Consequently, we cultured
the ILC2 obtained by sorting in vitro and tested the
degree of phosphorylation of STAT protein to determine
the best FSTL1 stimulation time. We discovered that
the phosphorylation of STAT3, STATS, and STAT6 in
Lin™ cells under stimulation markedly increased after 6 h
and reached a maximum level in 12 h. After ILC2 was
stimulated for 12 h, the changes in the phosphorylation
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degree of various indicators in the MEK-JAK-STAT-
GATA3 pathway were detected (Fig. 6a). According to
the Western blotting results, the expression of p-MEK,
p-JAK3, p-STAT3, p-STATS, p-STAT6, and p-GATA3
significantly increased with FSTL1 (Fig. 6b). After add-
ing the mitogen-activated protein kinase kinase (MEK)
inhibitor U0126, the expression of p-MEK, p-JAK3,
p-STATS3, p-STATS, p-STAT6, and p-GATA3 decreased
(Fig. 6¢), and the phosphorylation of pathway proteins
JAK3, STATs, and GATA3 was inhibited, indicating that
MEK is located upstream of the JAK-STAT-GATAS3 sign-
aling pathway. After adding the Janus kinase 3 (JAK3)
inhibitor JANEX-1, except for p-MEK, the expression of
p-JAK3, p-STAT3, p-STATS, p-STAT6, and p-GATA3
decreased (Fig. 6d). This variation indicates that JAK is
located upstream of the STAT-GATA3 signaling pathway.
Based on the above results, we concluded that FSTL1
induces the activation of ILC2 through the MEK-JAK-
STAT-GATA3 pathway.

MEK-JAK-STAT-GATA3 Pathway Inhibitors
Can Inhibit the Activation of ILC2 by FSTL1

Finally, we used various MEK-JAK-STAT-GATA3
pathway inhibitors to measure the levels of IL-4, IL-5,
and IL-13 released by ILC2 with ELISA to further con-
firm the involvement of this pathway. After the JAK3
inhibitor JANEX-1, MEK inhibitor U0126, STAT3 inhib-
itor S31-201, STATS inhibitor I[QDMA, or STAT®6 inhibi-
tor AS1517499 was added, the levels of IL-4, IL-5, and
IL-13 were significantly lower than those in the control
group (Fig. 7). In addition, after stimulation with FSTL1,
the contents of IL-4, IL-5, and IL-13 in the ILC2 culture
medium were higher than those in the controls (Fig. 7).
Collectively, these data confirmed that FSTL1 induces the
activation of ILC2 through the MEK-JAK-STAT-GATA3
pathway to promote airway inflammation in asthma.

DISCUSSION

Asthma affects the health of more than 360 million
people worldwide [1]. Recent studies have shown that
the prevalence of asthma among people aged 20 years
and over in China is 4.2%, with a total of more than 45.7
million patients [28]. The genesis of asthma is closely
related to airway inflammation [29, 30]. FSTL1, as a
pro-inflammatory factor, is widely involved in the onset
and development of many diseases [13]. Studies have
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shown that ILC2 is related to the pathogenesis of asthma
[31]. Therefore, we intended to explore whether FSTL1
and ILC2 are related. To our knowledge, this is the first
correlative study to investigate the relationship between
ILC2 and FSTL1 in asthma pathogenesis. Our data veri-
fied that FSTL1 promotes the proliferation and activation
of ILC2, and activated ILC2 can produce large amounts
of Th2-type cytokines (IL-4, IL-5, and IL-13), which trig-
gered a series of inflammatory reactions. These observa-
tions supported the notion that FSTL1 promotes asthma
by activating ILC2.

FSTLI1 has been associated with cardiovascular
diseases, such as heart failure and acute coronary syn-
dromes [32, 33], and also tumors such as kidney can-
cer and lung adenocarcinoma [34, 35]. Interestingly,
FSTL1 plays a dual role in multiple diseases, which
is also confirmed in inflammatory diseases such as
asthma and rheumatoid arthritis. FSTL1 can act as an
anti-inflammatory factor in the acute phase but has a
pro-inflammatory effect in the long term and chronic
diseases, probably due to the activation of different sign-
aling pathways [13]. However, it cannot be excluded that
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additional endogenous or exogenous factors are involved
in these regulatory processes [13]. Previous studies in
our laboratory proved that FSTL1 promotes asthmatic
airway remodeling by affecting autophagy [19]. Airway
inflammation, another important mechanism of asthma,
is probably also regulated by FSTL1. Therefore, we
established asthma models in WT and Fst/I™~ mice.
Through staining and Western blotting, we proved that
FSTL1 levels were positively correlated with asthma
airway inflammation. However, the specific mechanism
by which FSTL1 can promote airway inflammation is
still unclear; we are determined to continue exploring it.

sefete

p<0.001 (Student’s r-test).

In 2010, the identification of nuocytes, innate
helper type 2 cells, and natural helper cells as major
players in type-2 immunity during helminth infections
led to a series of investigations into the role of ILC2
in allergic diseases, including asthma [36]. Research
has found that ILC2 can be activated in OVA-
sensitized mouse asthma models and asthma patients [37].
The signaling pathways related to ILC2 activation
have also emerged in large numbers, such as mitogen-
activated protein kinase (MAPK) and nuclear factor
kappa B (NF-xB) [38, 39]. The JAK-STAT pathway
has attracted our attention among the many signaling



Follistatin-Like 1 Induces the Activation of Type 2 Innate Lymphoid Cells to Promote Airway... 915
a Oh 6h 12h 24h 36h 48h 301
*kkk - Oh
p-STAT3 ‘ — — — —\ 5 [ 0 6h
0
p-STATS | o G — -‘ @ 201 *kkk = 12h
% 1 24h
N kkkk
p-STAT6 ‘ e S -‘ e s l 1 36h
g 104 I E3 48h
p-GATA3 | ™ —J b 1
"L
GAPDH ‘— S s S —— -‘ 0. Irﬁlfl@_- .& .
p-STAT3 p-STAT5 p-GATA3
ILC2
b rFst -+ C uo126 - d anex1 -+
IL-2/7/33  + + 12h IL-2/7/33 + o+ 12h 1L-2/7/33 + + 12h
p-JAK3 E 130KDa p-JAK3 EI 130KDa p-JAK3 E 130KDa
MEK [ 45KDa p-MEK 45KDa
P E p-STAT3 E 79.87KDa
p-STAT3 79.87KDa p-STAT3 79.87KDa
p-STATS @ 90KDa p-STATS E 90KDa
0-STAT6 E 110KDa
p-STAT6 E 110KDa p-STAT6 E 110KDa
p-GATA3 48KDa p-GATA3 E 48KDa P-GATAS E 48KDa
GAPDH E 37KDa GAPDH E 37KDa GAPDH EI 37KDa

Fig. 6 The MEK-JAK-STAT-GATAS3 signaling pathway is responsible for the production of IL-4, IL-5, and IL-13 from ILC2 stimulated by FSTLI.
a Western blotting analysis of p-STAT3, p-STATS, p-STAT6, and p-GATA3 levels in sorted Lin™ cells in response to IL-2 and IL-7 plus IL-33 at
different time points. b—d Western blotting analysis of p-MEK, p-JAK3, p-STAT3, p-STATS, p-STAT6, and p-GATA3 levels in sorted ILC2s with
stimulation of IL-2, IL-7, IL-33, plus FSTL1 or MEK inhibitor (U0126) or JAK3 inhibitor (JANEX-1). Data were pooled from at least three inde-

pendent experiments and are presented as the mean + SD.

seslesesk

pathways because FSTL1 can activate it [27]. As far as
we know, there is no relevant research on the connec-
tion between FSTL1 and ILC2. Thus, we intended to
explore the specific connection and internal mechanism
between the two. We cultured ILC2 obtained by flow
cytometry in vitro, added FSTLI1 for stimulation, and
found that FSTL1 can promote the proliferation and
activation of ILC2. Furthermore, IL-4, IL-5, and IL-13
are recognized as downstream cytokines of ILC2, trig-
gering inflammation, and changes in their levels can
support the activation of ILC2. Therefore, we also used
ELISA to measure the effects of these cytokines under
FSTL1 stimulation. The level changes, and the results
agree with our expectations. We have confirmed that

<0.0001 (Student’s -test).

FSTL1 can promote the activation of ILC2 and trigger
massive production of downstream cytokines, but its
related signaling pathways have not yet been clearly
established.

To explore the signaling pathway of FSTL1 acti-
vating ILC2, we inquired much relevant information.
There are several reports about the signaling pathways
involved in ILC2s in asthma. Stat6 deficiency would
lead to impaired IL-4 and IL-13 receptor expression and
proliferation of ILC2s in the mouse, and MEK-JAK-
STAT could also be involved [26, 36]. GATA3 is an
important transcription factor of ILC2 and a potential
therapeutic target for asthma [40-44]. Therefore, we
hypothesized that FSTL1 could activate ILC2 through
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the mean+SD. *p <0.05, ““p <0.01, **p <0.001 (Student’s r-test).

the MEK-JAK-STAT-GATA3 axis. Western blotting
found that the addition of FSTL1 could significantly
increase the expression of all kinds of proteins in the
pathway.

Moreover, when we used the JAK inhibitor JANEX-
1, the decline in the expression of STATs and GATA3
proved their downstream position. The application of
MEK inhibitors decreased the expression of all related
proteins in the pathway and confirmed MEK’s upstream
position. After adding multiple pathway-related inhibi-
tors, the ELISA results suggested that FSTL1 can pro-
mote the expression of Th2-type cytokines, and the
expression levels were significantly lessened after the
use of various inhibitors.

Together, our data demonstrated that FSTL1 could
activate ILC2 through the MEK-JAK-STAT-GATA3
pathway, and that activated ILC2 produces Th2-type
cytokines massively, enhancing airway inflammation
and promoting the onset of asthma. There are several
monoclonal antibodies against Th-2 type cytokines (e.g.,
reslizaumab and mepolizumab) [45], but the relationship
between FSTL1 and ILC2 will open new avenues for the
treatment of asthma.
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