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Abstract

Background: Interleukin-33 (IL-33) exacerbates asthma probably through type 2
innate lymphoid cells (ILC2s). Nevertheless, the association between eosinophilic
asthma (EA) and ILC2s remains obscure, and the mechanisms by which IL-33 affects
ILC2s are yet to be clarified.

Methods: ILC2s were evaluated in peripheral blood mononuclear cells, induced
sputum, and bronchoalveolar lavage fluid obtained from patients with EA. Confocal
microscopy was performed to locate ILC2s in lung tissue and the mRNA expression
of ILC2-related genes was also evaluated in the EA model. The proliferation of ILC2s
isolated from humans and mice was assessed following IL-33 or anti-IL-33
stimulation.

Results: The counts, activation, and mRNA expression of relevant genes in ILC2s
were higher in PBMCs and airways of patients with EA. In addition, ILC2 cell counts
correlated with Asthma control test, blood eosinophil count, Fractional exhaled
nitric oxide level, and predicted eosinophilic airway inflammation. 1L-33 induced
stronger proliferation of ILC2s and increased their density around blood vessels in
the lungs of mice with EA. Moreover, IL-33 treatment increased the counts and
activation of ILC2s and lung inflammatory scores, whereas anti-IL-33 antibody
significantly reversed these effects in EA mice. Finally, IL-33 enhanced PI3K and
AKT protein expression in ILC2s, whereas inhibition of the PI3SK/AKT pathway
decreased IL-5 and IL-13 production by ILC2s in EA.

Conclusions: ILC2s, especially activated ILC2s, might be critical markers of EA. IL-
33 can induce and activate ILC2s in the lungs via the PISK/AKT pathway in EA.
Thus, using anti-IL-33 antibody could be a part of an effective treatment strategy
for EA.
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1 | INTRODUCTION

Asthma, a prevalent chronic airway illness, is classified into the
eosinophilic asthma (EA), neutrophilic asthma, mixed asthma, and
paucigranulocytic asthma based on the counts of eosinophils and
neutrophils in the sputum. Patients with EA exhibit worse symptoms
than those with non-EA (non-eosinophilic asthma (NEA)), regardless
of asthma severity.! Recent studies have confirmed the crucial
involvement of innate lymphoid cells (ILC2s), a rare group of lym-
phocytes, in innate immune responses to allergic diseases.?

Innate lymphoid cells lack antigen recognition receptors and
produce IL-13 and IL-5, both of which are involved in EA pathogen-
esis.’ Interleukin-33, which is produced by bronchial epithelial cells, is
crucial for the activation of resident lung Th2 cells as well as ILC2s to
produce IL-5, resulting in the development of chitin-induced airway
eosinophilia.* In addition, IL-33 and IL1RL1 (ST2) variants are re-
ported to be significantly associated with asthma.”~” Studies have
established the correlation of a higher number of ILC2s in the blood,
sputum, or bronchoalveolar lavage fluid (BALF) in allergic asthma, and
the increased number of ILC2s has been related to asthma exacer-
bation.271° In the lungs, ILC2s, along with dendritic cells and regula-
tory T cells, localize to the lung bronchi and larger vessels.!* However,
the localization of ILC2s in the lungs has been mostly studied in
transgenic mice, which limits the interpretation of the results and
their application to humans. Moreover, only a limited number of
studies have documented the association between EA and ILC2s.

In patients with allergic asthma, increased levels of ILC2s are
linked to increased eosinophils.'? IL-33 is crucial for the activation of
ILC2s.2% Notably, the p38 mitogen-activated protein kinase (MAPK),
NF-kB, PI3K/Akt, and Wnt/B-catenin pathways regulate the tran-
scription of IL-33 in murine and human endothelial cells** and acti-
vation of the PI3K/AKT signaling pathway induces biological
processes in eosinophils.'® Therefore, additional studies are required
to address the mechanisms of IL-33 in ILC2s in EA. This study aimed
to assess the level and function of ILC2s in patients with EA as well as
their correlation with IL-33.

2 | METHODS
2.1 | Study design and subjects

This study was approved by the Ethics Committee of the Fifth
Affiliated Hospital of Sun Yat-sen University (approval no. K35-1).
Informed consent was obtained from 255 patients with asthma and
54 healthy controls (HCs). After applying inclusion and exclusion
criteria, 203 patients with asthma and 40 healthy individuals were
enrolled in the study. Supplementary Figure S1 shows a detailed

description of the research design.

2.2 | Murine model of eosinophilic asthma

We randomly divided C57BL/6J mice of 6-8-week-old, in Guangdong
Medical Laboratory Animal Center (Zhuhai, Guangzhou, China) into
four groups (n = 6): negative control (NC) (Equivalent volume of
phosphate buffer saline), ovalbumin (OVA) (20 ug OVA+100 pL alum
on day 0 and 14 i.p, ultrasonic nebulization with 1% OVA on days 24,
25, and 26), OVA+IL33 (rIL33 0.5 pg intranasally once every other
day, three times in total), and OVA + anti-IL33 (anti-IL33 antibody
(50 mg i.p for six consecutive days). A detailed description is pre-
sented in the supplementary material.

2.3 | Induced sputum and classification of
inflammatory cells

Sputum specimens were obtained as previously reported.*® In-
dividuals with >3% eosinophils in sputum were considered to have

EA. A detailed description is provided in the supplementary material.

2.4 | Evaluation of ILC2s using flow cytometry

Briefly, 1 x 10° PBMCs, sputum cells, or BALF cells were incu-
bated with BV-421-CD45, FITC-lineage cocktail, APC-CD127, or
phycoerythrin (PE)-CD294 antibodies (above all of antibodies from
BioLegend, San Diego, CA, USA) for the detection of ILC2s. To
assay the intracellular levels of IL-5 and IL-13, cells were cultured
for 4 h in RPMI-640 medium (Invitrogen, California, USA) con-
taining 10% fetal bovine serum (Invitrogen, California, USA), 50 ng/
mL  phorbol-12-myristate-13-acetate (Sigma-Aldrich, Shanghai,
China), 1 pg/mL ionomycin (Sigma-Aldrich, Shanghai, China), and
1 pg/mL brefeldin A (BioLegend, San Diego, CA, USA). Subse-
quently, PE/Cyaine7-IL-13 and Briliant Violet 650-IL-5 antibodies
(BioLegend, San Diego, CA, USA) were used to detect IL-5+ILC2s
and [L-13+ILC2s, respectively. Samples were subjected to flow
cytometry (BD laser IlI) and analyzed using the Kaluza software
(Beckman, BD, USA).

2.5 | Pathological staining and inflammatory cell
count

Mice lung tissue embedded in paraffin were sliced, dewaxed,
dehydrated in a graded series of ethanol, and stained with hema-
toxylin-eosin staining. Bronchus-bronchial lesions were assessed
and scored under a light microscope according to a previous
method.'” A detailed description is provided in the supplementary

material.
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2.6 | Enzyme-linked immunosorbent assay

IL-5, IL-33 and IgE in the plasma of the subject and IL-5, IL-13 and
OVA-IgE in the culture supernatant of ILC2s isolated from lung tissue
in mice were determined using ELISA kits (MEIMIAN, Wuhan, China)
according to the manufacturer's protocol.

2.7 | Location of ILC2s in lung tissue using confocal
microscopy

Briefly, 4-pum-thick murine lung tissue slices were dewaxed and
rehydrated in a graded series of ethanol. Next, their endogenous
peroxidase activity was blocked and the sections were subjected to
epitope retrieval, following which, they were incubated with primary
antibodies against Anti-mouse CD3e-biotin (dilution 1:100
eBio500A2, eBioscience,Cal, USA), Anti-rat GATAS3 (dilution 1:50,
ab110093, Abcam, Mass, USA), and Anti-rabbit inducible T-cell
costimulatory (ICOS) (dilution 1:200, ab175401, Abcam, Mass, USA).
Bound biotinylated antibodies were detected using streptavidin-
AF555 conjugated secondary antibodies (532355, Invitrogen, Carls-
bad, Cal, USA), then anti-GATA3 antibodies were detected using
rabbit anti-rat IgG-FITC-AF488 (A-11006, Invitrogen, Carlsbad, Cal,
USA). Finally, ICOS antibodies were detected using goat anti-rabbit
IgG-647 secondary antibodies (A-27040, Invitrogen, Carlsbad, Cal,
USA). Sections were counterstained with 4’,6-Diamidino-2’-phenyl-
indole (62248, Invitrogen, Carlsbad, Cal, USA). Images were acquired
under an Laser Scanning Confocal Microscope (LSM) 510 meta
confocal microscope (Zeiss, Oberkochen,UK) and the Zeiss LSM

software was used for image analysis.

2.8 | Evaluation of ILC2-related gene expression
using RT-qPCR

Total RNA was extracted from human peripheral blood or mouse
lung tissue using TRIzol LS (Thermo Fisher Scientific, Waltham, MA,
USA). A detailed description and primer sequences are provided in
the supplementary material.

2.9 | Sorting of ILC2s from human PBMCs and
murine lung tissues and evaluation of proliferation of
ILC2 in vitro

PBMCs were isolated from individuals in the HC and EA groups. In
addition, lungs were resected from mice in the NC and EA groups.
Innate lymphoid cells were sorted using magnetic beads (STEMCELL,
BC, Canada); this process involved the isolation of CRTH2+ cells
using column-free immunomagnetic-positive sorting. Finally, an ILC2
isolation cocktail was added, and the enriched cell suspension was

transferred to a fresh tube using a magnet; non-ILC2s were
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discarded. The process of ILC2 sorting in the lungs of mice is
described in the supplementary material. Sorted ILC2s were cultured
and relative cell viability was calculated as reported previously.'® A
detailed description is provided in the supplementary material.

2.10 | Western blot analysis

Innate lymphoid cells were sorted from the OVA+IL-33 group and
exposed to the AKT inhibitor AZD5363 (10 umol/L; Selleck,
Shanghai, China) for 24 h. A detailed description is provided in the
supplementary material.

2.11 | Statistical analyses

SPSS version 10.0(IBM, USA) was used for data analysis. Data are
indicated as the mean & SEM. In the subject experiment, the Kruskal-
Wallis test was used to compare multiple groups with uneven vari-
ance. In animal experiments, the one-way analysis of variance
(ANOVA) was used to compare multiple groups with equal variance.
Count data were analyzed using X? test. Spearman's rank correlation
was used to analyze the correlations between ILC2s and other fac-
tors. Mann-Whitney test was used to analyze the lung function index.

Statistical significance was set at p < 0.05.

3 | RESULTS

3.1 | Number and associated gene expression of
ILC2s increased in EA

Innate lymphoid cells have been reported to express CRTH2 and
CD127.*7 In our study, ILC2s isolated from PBMCs and induced
sputum (IS) of patients with asthma were sorted into the
CD45"Lin"CD127*CRTH2* population (Figure 1A-D). In particular,
patients with asthma had higher numbers of ILC2s in PBMCs and
sputum than the HC group (p < 0.05). Moreover, patients with EA
had higher counts of ILC2s than those with NEA (p < 0.05,
Figure 1B,D) and higher levels of IL-5 and IL-33 than those with
NEA (p < 0.05, Fig. E and F). Furthermore, an increased proportion
of IL-57ILC2s and IL-13*ILC2s was observed in PBMCs of patients
with asthma, particularly in the EA group (Figure S2). We also
detected that the expression of GATA3 and RORa was remarkably
higher in the EA group compared with that in other groups
(Figure S3A, B). However, CD127 expression did not differ between
the groups (Figure S3C). The CRTH2 and ICOS mRNA levels were
the highest in the EA group (PBMCs, Figure S3D, E), while KLRG1
expression was increased in the EA group (Figure S3F). Finally, the
IL-33 mRNA level in the blood of EA patients and lung tissue of EA
mice was remarkably higher than those in other groups (Figure S3G,
Figure S7F).
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FIGURE 1 The innate lymphoid cell (ILC2) numbers were elevated in EA (A) ILC2s were gated as the CD45*Lin"CD127"CD294"

population in PBMCs obtained from HC and patients with asthma. (B) The numbers of ILC2s were significantly higher in PBMCs obtained from
the EA group (n = 30) than those from the HC and NEA groups. (C) ILC2s were gated as the CD45*Lin"CD127+*CD294* population in induced
sputum (IS) obtained from the HC group and patients with asthma. (D) The number of ILC2s was significantly higher in the IS of the EA group.
(E-F) The levels of IL-5 and IL-33 were significantly higher in the serum of the EA group. HC, healthy control; EA, eosinophilic asthma; NEA,
non-eosinophilic asthma. \/Comparison with HC group, VVp < 0.05, VVp < 0.01; V'V Vp < 0.001; *Comparison with EA group, *p < 0.05,
**» < 0.01. The Kruskal-Wallis test was used to analyze statistical significance between groups.

85UBD17 SUOLILLIOD BAIEa1D 3|edtjdde aup Aq pausenoh s s3joe WO ‘8sn JO S9N 10y Afeiq 1 8UIIUO A8|IM UO (SUORIPUOD-PUE-SWSHALIOD™AS | 1M ARe.q1BU1|UD//SANY) SUORIPUOD PUe SWie | 84} 835 *[£202/20/T2] U0 Ariqi auljuo A3|im ‘ueder aLeIu00D AQ S922T 2HO/Z00T OT/I0p/LI0d A8 | im AReiq Ul juo//SdNY WOy papeo|umoq ‘9 ‘€202 ‘220.S0e



SUN ET AL

s4

s | 50f 13
EAACI

3.2 | Number of ILC2s correlated with ACT, blood
eosinophil count, and FeNO levels, and predicted
eosinophilic airway inflammation

Table 1 shows the baseline characteristics of the individuals enrolled
in our study. The EA group had the highest counts of blood eosino-
phils and basophils (BASs). In addition, the EA group was character-
ized by a higher incidence of allergy history and omalizumab usage,
increased Fractional exhaled nitric oxide (FeNO) level, and specific
and total IgE, but lower Asthma control test (ACT) scores than those
in other groups (Table 1). The EA group presented the lowest FEV1%
pred and the highest Rc, Rp, Z5, R5, R20, and Fres among the four
groups (Table S1 and Figure S4). Furthermore, the percentage of
ILC2s in PBMCs positively correlated with the counts of blood eo-
sinophils (r; = 0.361, p = 0.045), blood BASs (r; = 0.445, p = 0.0137),
sputum ILC2s (rs = 0.692, p = 0.013), levels of FeNO (rs = 0.44,
p = 0.014), serum IL-5 (rs = 0.65, p = 0.002), and serum IL-33

(e = 071, p = 0.005), but negatively correlated with ACT
(re = 0.382, p = 0.037). We did not detect any correlation between
IgE, FEV1%, and FEV1/forced vital capacity (%) (p > 0.05) (Figure 2).
Furthermore, using receiver operating characteristic analysis, we
identified biomarkers of respiratory eosinophilic inflammation
(sputum eosinophil count >3%). We found that ILC2s number was a
sensitive EA diagnostic biomarker. Using a threshold value of
>0.065% for ILC2s and >0.465 x 107 for eosinophils, we could
distinguish between eosinophilic and non-eosinophilic inflammation
with high sensitivity and specificity (89% and 50%, respectively,
Table S2). Moreover, the area under the curve of blood eosinophils
and FeNO for differentiating between eosinophilic and non-
eosinophilic inflammation was 0.708 and 0.741, respectively
(b = 0.05, p = 0.028; Figure S5) However, IgE level and ACT score
could not distinguish between eosinophilic and non-eosinophilic
inflammation (Table S2). These factors were selected based on the

Spearman rank test.

TABLE 1 Characteristics of patients with asthma with different inflammatory phenotypes.

Eosinophilic Neutrophilic Mixed granulocytic Paucigranulocytic
Control phenotype phenotype phenotype phenotype p value

n 40 98 (46.4%) 25 (17.14%) 23 (13.57%) 57 (22.86%) 0.055
Sex (male) n (%) 21 (52.5) 31 (48.44) 13 (46.43) 4 (50) 26 (52) 0.26

Age 40.23 + 1.64 49.59 + 1.93* 53.85 + 3.16* 58.12 + 2.87** 46.12 + 2.99 0.034
BMI 2345 + 0.23 23.65 + 0.46 23.30 £ 0.71 23.30 + 0.94 24.29 + 0.891 0.172
ACT scores 25 (25/25) 15.69 + 0.22* 18.08 + 0.68* 18.60 + 0.81** 19.99 + 0.23* 0.000
SIZE(+) n (%) 0 41 (42)* 5 (20)** 6 (26)* 14 (24.6)* 0.000

Total IgE (IU/mL)

26.78 (12.73/54.89) 483.2 (242.8/950.6)* 94.46 (29.43/227.3)** 375 (105.5/680.8)* 65.12 (32.32/262.3)* 0.000

Smoking n (%) 10 (14) 16 (20) 7 (24.1) 6 (26) 11 (19.3) 0.542
Allergic rhinitis n (%) 0 30 (34.1) 3 (12)** 9 (39.1)* 20 (35.1)* 0.038
Allergic history n (%) 0 50 (51)* 6 (24)* 12 (52.2)*% 15 (26.3)** 0.05

Diseases history (years) 0 7.54 + 1.09 7.91 + 246 7.83 £ 2.29 7.24 +£1.25 0.001
Chronic disease n (%) 2 (5) 16 (16.3)* 7 (28)* 4 (17.4)* 11 (19.3)* 0.03

Omalizumab n (%) 0 29 (29.6)** 2 (0.09)* 2 (0.08)* o*# 0.000
Antibiotics n (%) 0 31 (31.6)* 13 (52)** 9 (39.1)* 16 (28.1)* 0.038
Inhaled remedies n (%) O 72 (71.4) 10 (40)** 12 (52.2)* 15 (26.3)* 0.000
Hospital day 0 5 (3/8)* 4.5 (3/7)* 4(2/7)* 5 (3/8)* 0.000
BAS (x10?) 0.03 (0.01/0.04) 0.05 (0.03/0.07)* 0.03 (0.03/0.05)* 0.04 (0.02/0.07)**  0.04 (0.02/0.06)** 0.004
Lym (x107) 2.04 (1.3/2.75) 1.94 (1.59/2.44) 1.98 (1.53/2.53) 171 (1.34/1.9)**%  1.81 (1.4/2.08)* 0.02

NLR 2.1 (1.15/2.23) 2.09 (1.08/2.43) 2.22 (1.3/2.21) 3 (1.23/3.4)*& 2.5 (1.34/2.7)* 0.047
EOS (x10°) 0.18 (0.09/0.22) 0.45 (0.18/0.73)* 0.15 (0.07/0.21)* 0.3 (0.16/0.45)*  0.14 (0.06/0.24)* 0.000
EOS% 3.77 (1.82/5.81) 6.3 (2.85/10.43)* 2.15 (1.13/3.78)* 3.6 (2.8/6.8)* 2.2 (0.95/3.3)* 0.000
FeNO (ppb) 51 (21/90) 25 (17/29) 33 (22.25/92.6) 19 (14/26.75)* 0.001

Note: Data are presented as either the mean £ SEM or median (25%-75%) IQR. *p < 0.05, compared with the control group; *p < 0.05, compared with
eosinophilic asthma; and &p < 0.05, compared with the neutrophilic group. The Kruskal-Wallis test was used to analyze statistical significance between

groups. Count data were analyzed using X2 test.

Abbreviation: BAS, basophil; BMI, Body Mass Index; EOS, Eosinophil; IQR, interquartile range; NLR, Neutrophil to Lymphocyte ration.
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FIGURE 2 Correlation analysis between relevant factors and number of innate lymphoid cells (ILC2s) in patients with asthma. Correlation
between the percentage of ILC2s in PBMCs and (A) Asthma control test (ACT) score, (B) serum IgE, (C) EOS in blood, (D) BAS in blood,

(E) Fractional exhaled nitric oxide (FeNO), (F) FEV1% pred, (G) FEV1/FVC (%), (H) ILC2% of sputum, (J) serum IL-33, and (l) serum IL-5. EQOS,
eosinophils; BAS, basophils. Spearman's rank correlation was used to analyze the correlation between relevant factors and number of ILC2s.

FVC, forced vital capacity.

3.3 | IL-33 induced proliferation and pulmonary
accumulation of ILC2s in EA

We isolated ILC2s from the peripheral blood of patients in the EA and
HC groups at 91% purity (Figure 3A,B). In addition, we obtained ILC2s
from the lung tissue of EA and NC mice with a purity of up to 94%
(Figure 3D,E). We found that ILC2s from the control and EA groups
proliferated rapidly when cocultured with rIL-33 in vitro. However, we
did not detect any difference in the in vitro proliferation of ILC2s ob-
tained from the control and EA groups. Interestingly, ILC2s obtained
from the EA group showed stronger in vitro proliferation after treat-
ment with rlL-33 compared with those from other groups (Figure 3C,

D). We also examined the distribution and proliferation of ILC2s in

vivo. We labeled and observed ILC2s (CD3-GATA3+ICOS+) gathered
around lung blood vessels using confocal microscopy and found an
increased accumulation of ILC2s around the blood vessels of murine

lungs in the EA group following rlL-33 stimulation (Figure 4A,B).

3.4 | IL-33 enhanced the activation of IL-5+ILC2s
and IL-13+ILC2s, the associated gene expression

of ILC2s, and aggravated lung allergic inflammation
in mice with EA

We observed that ILC2s in PBMCs and BALF of asthmatic mice gated
as the CD45"Lin"CD127*ST2* population (Figure 5A,C). Moreover,
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FIGURE 3 Innate lymphoid cells (ILC2s) in the EA group showed the strongest proliferation after IL-33 stimulation in vitro. (A) ILC2s

accounted for 0.46% of PBMCs before isolation from the peripheral blood of a patient with eosinophilic asthma. (B) The percentage of ILC2s
reached up to 91% after isolation from a patient with eosinophilic asthma as determined by flow cytometry. (C) In vitro relative cell viability of
ILC2s obtained from HC and patients with EA, with or without IL-33 stimulation. (D) ILC2s accounted for 1.49% of cells present in lung
homogenate before isolation in mice with eosinophilic asthma. (E) The percentage of ILC2s reached up to 94% after isolation from mice with
eosinophilic asthma, as determined by performing flow cytometry. (F) Relative cell viability of ILC2s in vitro with or without IL-33 stimulation
in NC and EA mice. HC, healthy control; EA, eosinophilic asthma; NC, negative control. \/Comparison with HC or NC group; VVp < 0.05;
VVp < 0.01; VVVp < 0.001; *Comparison with EA group; ***p < 0.001; #Comparison with HC+IL-33 or NC+IL-33 group; ##P < 0.01.
ANOVA test was used to analyze statistical significance between groups. ANOVA, analysis of variance.

intranasal IL-33 administration to mice increased the ILC2 count in
PBMCs and BALF. In contrast, anti-IL-33 antibody significantly
decreased the number of ILC2s in PBMCs and BALF of mice with EA
(Figure 5B,D). The secretion of IL-5 and IL-13 is essential for the
effector functions of ILC2s. Accordingly, we noticed that IL-33
significantly increased the number of activated IL-5+ILC2s and IL-
13+ILC2s in mice with EA. Conversely, the numbers of IL-5+I1LC2s

and IL-13+1LC2s were significantly decreased in mice with EA after
treatment with the anti-IL-33 antibody (Figure S6 A-F). Following
stimulation with IL-33, the expression of Gata3 and Rora in lung
tissue was significantly increased, whereas the administration of anti-
IL-33 antibody led to a decrease in their expression (Figure S7 A, B).
In addition, we detected that mRNA expression of ILC2 transcription

factors, including Crth2, Klrg1, and Icos, increased in the lung tissue
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FIGURE 4 IL-33 increased innate lymphoid cell (ILC2) cell accumulation around blood vessels in the lungs. (A) Localization of

GATA3*CD37ICOS* ILC2s in the lungs of mice with asthma as determined by confocal microscopy. (B) The number of ILC2s in the lungs was
highest in the OVA + IL-33 group. NC, negative control. \/Comparison with NC group; VVp < 0.05; V'V VVp < 0.001; #Comparison with
OVA + IL-33 group; ##p < 0.01; ###p < 0.001. ANOVA test was used to analyze statistical significance between groups. ANOVA, analysis of

variance; OVA, ovalbumin; ICOS, inducible T-cell costimulatory.

of the OVA+IL-33 group compared with that in other groups
(Figure S7 C-E). Of note, the expression level of IL-33 and ST2
mRNAs was higher in the OVA+IL-33 group, whereas the adminis-
tration of anti-IL-33 antibody decreased their expression in mice
with EA (Figure S7 F-G). Consistently, IL-33 increased the number of
eosinophils in BALF, whereas anti-IL-33 antibody significantly
decreased the number of eosinophils in mice with EA. Moreover, the
number of neutrophils were reduced by IL-33 treatment compared
with that by the anti-IL-33 antibody in mice with EA (Figure S8 A-D).
Histopathological examination of the lungs revealed that the OVA
+IL-33 group had the highest inflammation scores among the four

groups of EA mice (Figure 9A, B, p < 0.05).

3.5 | PI3K/AKT signaling pathway was involved in
IL33/ILC2s

We isolated ILC2s from lung tissues to determine the effects of IL-
33 on the PI3K/AKT signaling pathway. We found that IL-33
increased the ratio of p-PI3K/t-PI3K and p-AKT/t-AKT, whereas
treatment with anti-IL-33 antibody decreased the ratio of p-PI3K/p-

AKT in ILC2s obtained from EA mice (Figure 6A). In addition, the
administration of the AKT inhibitor AZD5363 reduced the expres-
sion of p-PI3K and p-AKT. Conversely, treatment with the AKT
agonist SC79 increased the expression of p-PISK and p-AKT
(Figure 6B). Furthermore, the AKT inhibitor AZD5363 reduced
the levels of IL-5 and IL-13; in contrast, the AKT agonist SC79
significantly reversed the elevated levels of IL-5 and IL-13
(Figure 6C-D).

4 | DISCUSSION

This study suggests that the number of ILC2s, especially those of
activated ILC2s, and the associated gene expression of ILC2s are
significantly elevated in EA. Hence, the numbers of ILC2s, which
positively correlated with the count of blood eosinophils in our study,
may be used to predict EA. Interestingly, IL-33 induced the prolif-
eration and pulmonary accumulation of ILC2s in EA. In addition, IL-33
rapidly activated ILC2s and aggravated lung allergic inflammation in
EA mice. Finally, IL-33 upregulated the expression of p-PI3K and p-
AKT proteins, affecting ILC2s.
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FIGURE 5 IL-33 enhanced the number of innate lymphoid cells (ILC2s) in PBMCs and BALF of EA mice. (A) ILC2s were gated as the

CD45*Lin"CD127*ST2* population in PBMCs obtained from mice. (B) The number of ILC2s in PBMCs was highest in the OVA + IL-33 group.
(C) ILC2s were gated as the CD45%Lin"CD127*ST2" population in BALF of mice. (D) The number of ILC2s in BALF was highest in the
OVA + IL-33 group. NC, negative control; EA, eosinophilic asthma; MC, mononuclear cell; BALF, bronchoalveolar lavage fluid. \/ Comparison
with NC group, Vp < 0.05; *Comparison with OVA group, *p < 0.05; **p < 0.01; #Comparison with OVA + IL-33 group; ##p < 0.01. ANOVA
test was used to analyze statistical significance between groups. ANOVA, analysis of variance; OVA, ovalbumin.

Increased numbers of blood and sputum ILC2s are risk factors for
severe asthma.® Consistently, in our study, the numbers of ILC2s were
elevated in patients with asthma, particularly in the EA group. The
functions of ILC2s have already been investigated; the total number of
IL-5%ILC2s, IL-13* ILC2s, and CRTH2*ILC2s in the sputum signifi-
cantly increased 24 h after allergen stimulation.?° Our results also
revealed a significant increase in the counts of IL-57ILC2s and IL-
13*ILC2s in the blood and airways of mice with EA. Both GATA3

and RORa are necessary for the differentiation and maintenance of
ILC2s.2! In addition, CRTH2 facilitates the chemotaxis of type 2
related immune cells and enhances the production of cytokines in vi-
tro.222% We observed substantially elevated mRNA expression levels
of GATA3 and RORa in EA, indicating a more active differentiation and
proliferation of ILC2s. The relative mRNA expression of CRTH2 was
also increased, which stimulated ILC2s to produce type 2 cytokines in

EA. In mice, ICOS signaling modulates ILC2s balance independently
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FIGURE 6 The p-PI3K and p-AKT signaling pathways were involved in IL33/innate lymphoid cells (ILC2s). (A) Expression of p-PI3K, t-
PI3K, p-AKT, and t-AKT in isolated ILC2s as determined by performing western blot analysis (WB) (n = 4 mice). IL-33 treatment increased the
ratios of p-PI3K/t-PI3K and p-AKT/t-AKT, whereas the administration of anti-II-33 antibody decreased these ratios in eosinophilic asthma
(EA) mice. (B) The expression of p-PI3K, t-PI3K, p-AKT, and t-AKT in isolated ILC2s following treatment with an AKT inhibitor (AZD5363) or
AKT agonist (5C79). (C-D) The production of IL-5 and IL-13 in isolated ILC2s following treatment with an AKT inhibitor (AZD5363) or AKT
agonist (SC79). NC, negative control; p-PI3K, phosphorylated PI3K; t-PI3K, total PI3K; p-AKT, phosphorylated AKT; t-AKT, total AKT;
AZD5363, AKT inhibitor; SC79, AKT agonist. \/Comparison with NC group, Vp < 0.05; *Comparison between different stimulated groups,
*p < 0.05, **p < 0.01,"*p < 0.001. ANOVA test was used to analyze statistical significance between groups. ANOVA, analysis of variance.

from T- and B-cells by facilitating the proliferation and aggregation of
pulmonary and intestinal ILC2s.24 Our study revealed that ICOS mRNA
expression was increased in EA, which enhanced the proliferation and
accumulation of mature lung ILC2s. IL-33 also activates ILC2s in type 2
immunity.2> Our study indicated that the increased mRNA expression
of IL-33 is due to the increased activation of ILC2s in EA.

In our study, the eosinophil count positively correlated with ILC2
number, but negatively correlated with the ACT. We then explored
the diagnostic potential of ILC2s in eosinophilic airway inflammation.
The number of eosinophils in IS contributes significantly to the
diagnosis of eosinophilic airway inflammation. Nonetheless, patients

with asthma tend to produce less sputum, making this procedure less
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feasible. Therefore, more readily available indicators are being
explored for predicting eosinophilic airway inflammation. Our study
revealed that the number of eosinophils in the blood can predict
eosinophilic airway inflammation with high specificity; however, the
detection sensitivity of eosinophils in blood was only 50%. Addi-
tionally, we confirmed that the levels of FeNO can predict eosino-
philic airway inflammation. This process is easy to perform and does
not cause discomfort in most patients. However, the levels of FeNO
do not always reflect eosinophilic inflammation accurately.?®
Therefore, ILC2 numbers in human blood may predict eosinophilic
airway inflammation in patients with asthma with superior sensi-
tivity, which would compensate for the lower sensitivity of blood
eosinophils.

Our study demonstrated the proliferative capacity of ILC2s in
EA. The in vitro proliferation of ILC2 was the strongest in the EA
group treated with IL-33. To observe the distribution of ILC2s in
lung tissue following IL-33 stimulation, we examined the localization
of cells in lung tissue. The lack of specific ILC2 markers has limited
our understanding of the in situ spatial organization of ILC2s.
Additionally, ILC2s represent a small proportion of resident or
infiltrating inflammatory cells, further limiting their in situ identifi-
cation. For instance, ILC2s have not been reported in the lungs of
wild mice.?” In this study, we used confocal microscopy to investi-
gate the localization of ILC2s (GATA3+ CD3-ICOS+) in wild-type
mice and found that ILC2s localized around blood vessels in the
lungs. Moreover, we detected an increased number of ILC2s around
blood vessels in the lungs of EA mice treated with IL-33. These
results suggest that IL-33 might mediate the accumulation of acti-
vated ILC2s in the lungs.

IL-33 activates ILC2s to produce IL-5 and IL-13, resulting in
type-2 innate immune response and allergic airway inflammation at
mucosal barrier sites.?®2? Our study showed that IL-33 enhanced
the numbers of IL-5+ILC2s and IL-13+ILC2s in EA mice, suggesting
that IL-33 not only affects the numbers of ILC2s but also activates
them. We also explored the effect of IL-33 on ILC2s at the genetic
level. Increased expression of Gata3 and Rora mRNA following IL-33
stimulation suggested that IL-33 increased the differentiation and
maturation of ILC2s in EA. In addition, IL-33 induced Crth2 and Icos
mRNA expression, whereas ILC2 activation was significantly
decreased after anti-IL-33 antibody administration. IL-33 binds to
its specific receptor ST2, which stimulates the production of IL-13
and IL-5.3° When tissues or cells are damaged, IL-33 is released
into the bloodstream. Subsequently, IL-33 binds to ST2 on the
surface of ILC2s, leading to the increased expression of Gata3 and
Rora mRNA and stimulating ILC2 proliferation. Upon the intranasal
administration of IL-33, ILC2s accumulate in the lungs and BALF,
causing severe asthma.®! Using IL-33 receptor-deficient mice or
treating mice with soluble IL-33 receptor or anti-IL-33 antibody,
allergic inflammation was alleviated in patients with asthma.®2 In
our clinical and animal experiments, we found that an increased
number of ILC2s was involved in the IL-33-mediated exacerbation

of allergen-induced asthmatic response and aggravated lung tissue

inflammation; however, after treatment with anti-IL-33 antibody,
both the numbers of ILC2s and lung tissue inflammation decreased
in EA.

The mechanism underlying the contribution of IL-33 and ILC2s
to asthma exacerbation has not yet been established in patients with
EA. The p38 MAPK, NF-kB, PI3K/Akt, and Wnt/catenin pathways
reportedly regulate IL-33 transcription in endothelial cells in mice
and humans.?* In patients with eosinophilic nasal polyps, IL-33 in-
duces the production of IL-4 and IL-5 via the PI3K/AKT pathway.>*
Accordingly, PI3KS reduced the expression of IL-33 and number of
ILC2s, thereby inhibiting the allergic inflammatory response.>* Lep-
tin, a small proline protein, and LAIR-1 regulate ILC2s by targeting
the PI3K-AKT pathway, hence affecting the severity of asthma.®>=%’
Therefore, we hypothesized that IL-33 and ILC2s play a role in
asthma via the PI3K/AKT signaling pathway. In our study, IL-33
upregulated the expression of PI3K and AKT proteins in ILC2s
through ST2, increasing the levels of IL-5 and IL-13 (Th2 cytokines)
and aggravating lung inflammation in patients with EA. Therefore, we
propose that the PIBK/AKT pathway plays a mediating role in 1L33/
ILC2 and affects the subsequent inflammatory response.

Our study had certain limitations. We acknowledge that single-
center enrollment can lead to sample bias. This was mainly an
observational study, and as such, our results on the mechanism of
ILC2s and asthma need further validation. Our study demonstrated
the impact of the PI3K/AKT signaling pathway on IL33/ILC2s.
However, signaling pathways that regulate IL33/ILC2, such as the
MAPK pathway, cannot be ruled out. Further studies should verify
the role of the PI3K/AKT signaling pathway in IL33/ILC2s using
various experimental models.

In summary, the numbers of ILC2s, especially those of activated
ILC2s, were significantly higher in EA. Innate lymphoid cells from EA
exhibited stronger proliferation in vitro, with IL-33 inducing the
pulmonary accumulation and rapid activation of ILC2s, consequently
aggravating lung allergic inflammation. IL-33 activated the expres-
sion of PISK/AKT proteins, which are involved in the activation of
ILC2s that might be important in aggravating eosinophilic inflam-
mation in patients with EA. The findings of this study will guide
further developments in the future diagnosis and assessment of EA.
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