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ABSTRACT—Acute respiratory distress syndrome (ARDS) is characterized by uncontrolled inflammation, which manifests as
leukocyte infiltration and lung injury. However, the molecules that initiate this infiltration remain incompletely understood. We
evaluated the effect of the nuclear alarmin IL-33 on lung damage and the immune response in LPS-induced lung injury. We es-
tablished a LPS-induced lung injury mouse model. We used genetically engineered mice to investigate the relationship among
the IL-33/ST2 axis, NKT cells, and ARDS.We found that IL-33 was localized to the nucleus in alveolar epithelial cells, fromwhich
it was released 1 h after ARDS induction in wild-type (WT) mice. Mice lacking IL-33 (IL-33−/−) or ST2 (ST2−/−) exhibited reduced
neutrophil infiltration, alveolar capillary leakage, and lung injury in ARDS compared with WT mice. This protection was associ-
ated with decreased lung recruitment and activation of invariant nature killer (iNKT) cells and activation of traditional T cells.
Then, we validated that iNKT cells were deleterious in ARDS in CD1d−/− and Vα14Τg mice. Compared with WT mice, Vα14Τg
mice exhibited increased lung injury in ARDS, and theCD1d−/−mice showed outcomes opposite those of the Vα14Τgmice. Fur-
thermore, we administered a neutralizing anti-ST2 antibody to LPS-treatedWT and Vα14Τgmice 1 h before LPS administration.
We found that IL-33 promoted inflammation through NKT cells in ARDS. In summary, our results demonstrated that the IL-33/
ST2 axis promotes the early uncontrolled inflammatory response in ARDS by activating and recruiting iNKT cells. Therefore,
IL-33 and NKT cells may be therapeutic target molecules and immune cells, respectively, in early ARDS cytokine storms.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a common clin-
ical condition that occurs in response to various inciting stimuli. It
has a high morbidity rate, up to 10% (1), and a high mortality rate,
up to 45%–57.8% (2), in intensive care units. Despite decades of
research, no effective drug therapies are available for ARDS. The
probable explanation for the failure to obtain effective therapy in-
cludes deficits in our understanding of ARDS pathogenesis, which
is extremely complicated. It is now widely accepted that a variety
of molecular mechanisms are involved in ARDS, but the core mo-
lecular in ARDS is still unknown.

IL-33 is a newly discovered member of the IL-1 family that re-
leases an alarm signal to immune cells expressing the ST2 receptor
in response to cell injury or tissue damage (3). It is expressed in
various cell types (4,5), mainly endothelial cells and airway epithe-
lial cells. Serum IL-33 increases in patients with ARDS (6). IL-33
production increases with disease severity (7,8) and independently
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predicts poor prognosis in ARDS (9,10) and COVID-19 (9,11).
Turnquiast’s experiment indicated that IL-33 stimulated Tregs to
secrete IL-13 to control myeloid responses and inflammation after
lung injury in mouse models of resuscitation-related hemorrhagic
shock and tissue trauma (12). In CLP-induced sepsis, IL-33 regulates
IL-5 but not ILC2s, leading to local inflammation in the lungs
(13). However, IL-33 may also initiate early detrimental type 2
immune responses after trauma through ILC2 regulation of neutro-
phil IL-5 production (14). Its conversion to the alarmin and the
mechanism through which IL-33 regulates the immune response
needs further investigation.

NKTcells are innate immune cells that are powerful producers
of various cytokines and antimicrobial molecules (15). NKTcells
express ST2, which is an IL-33 receptor (16). Therefore, NKT
cells may be affected by IL-33 via the IL-33/ST2 axis. IL-33 ac-
tivated iNKTcells 1 h after transplantation (17) and in asperamide
B-induced asthma (18). Moreover, spleen and liver iNKT cell
counts increased twofold, after a treatment of mice with IL-33
(19). In addition, IL-33 directly targeted iNKTcells and promoted
iNKT cell recruitment and cytokine production after kidney
ischemia-reperfusion injury (IRI) (20). According to these
studies, IL-33 contributes to NKT cell recruitment, activation,
and cytokine production in asthma, ischemia-reperfusion injury
(IRI), and transplantation. However, whether IL-33 promotes
iNKT cell recruitment to promote lung injury in ARDS is still
unknown.

Herein, to elucidate whether IL-33 can promote an uncontrolled
inflammatory response in the early stage of ARDS by activating
NKT cells, we assessed their role in NKT cell using genetically
engineered mice and rescue experiments. Our results showed that
the IL-33/ST2 axis promoted an early uncontrolled inflammatory
response in ARDS that depended on NKT cells.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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MATERIALS AND METHODS

Mice
Male 6- to 8-week-old C57BL/6 mice were purchased from GemPharmatech

(Jiangsu, China). IL-33−/−, ST2−/−, CD1d−/− mice (NKT cell–deficient), and
Vα14-Jα18 transgenic (Vα14Τg, increased NKT cells) all with a C57BL/6 back-
ground were kindly provided by the Immunology Laboratory of Tongji Medical
College of Huazhong University of Science and Technology. All the animals were
housed and maintained under specific pathogen-free conditions in our animal facil-
ity. The Institutional Animal Care and Use Committee of the Academic Medical
Center approved and reviewed all procedures.

The ARDS models
Mice of similar weight mice were selected and anesthetized with sodium pen-

tobarbital (50 mg/kg intraperitoneally) and administered an intratracheal injection
with 20 mg/kg LPS (L2880, Sigma-Aldrich, St Louis, MO) in 50 μL of PBS or
50 μL of PBS as the control treatment. To block endogenous IL-33 activity, a re-
combinant mouse ST2 Fc chimera or a recombinant human (immuneglobulin G)
IgG1 Fc as the control (5 μg per mouse) (R&D Systems, Abingdon, United
Kingdom) was administered to ARDS-treated mice 1 h before LPS administration.
The mice were killed 24 h after the LPS or control injection. Lung tissues, blood,
BALF, and the spleen were removed for further study. After coagulation at room
temperature for 1 h, the blood was centrifuged at 1,500g at 4°C for 10 min.

Flow cytometry
The lung tissue and spleen were collected to prepare a single-cell suspension. Single

cells were incubated with anti-CD45, anti-CD11b, anti-ly6G, anti-CD69 (BD, NJ), anti-
CD1d-tetramer (a-Gelcer loaded-PE; MBL, Japan), anti-CD3 (Bioscience, Tian Jin,
China), and anti-CD11b antibodies for 40 min at 4°C. The cells were washed once with
FACSbuffer (PBS+ 2%FBS). Flow cytometrywas performed on aCytoFLEXS instru-
ment (Beckman Coulter, Inc), and all data were analyzed with FlowJo software v10.8.1.

ELISAs
According to the manufacturer’s instructions, IL-33 concentrations in mouse

serum and lung tissue were tested using ELISA kits (R&D Systems, Abingdon,
United Kingdom).

Western blotting
After mechanical tissue disruption, lung tissue was homogenized on ice in RIPA

buffer (Servicebio, Wuhan, China) containing protease inhibitors and phosphatase
inhibitors (Servicebio, Wuhan, China) for 30 min, according to the manufacturer’s
instructions. Then, 5� NaDodSO4 loading buffer (Servicebio, Wuhan, China) was
added to all samples and heated for 15min at 98°C. Next, the samples were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis before being
transferred to polyvinylidene difluoride membranes. After blocking with 5% nonfat
milk for 2 h at room temperature, the membranes were incubated overnight at 4°C
with primary Abs against β-actin (1:2,000, ABclonal, Wuhan, China), GAPDH
(1:2,000, ABclonal, Wuhan, China), IL-33 (1:1,000, R&D Systems, Abingdon,
United Kingdom), and ST2 (1:1,000, Proteintech, Wuhan, China). The membranes
were then incubated with horse radish peroxidase(HRP)-linked anti-goat IgG
(1:7,000, ABclonal, Wuhan, China) for 1 h at room temperature. The immunoreac-
tive protein was visualized with an ECL detection reagent (MCE, NJ).

Immunohistochemistry
Paraformaldehyde-fixed, paraffin-embedded sections were deparaffinized and re-

hydrated, and antigen retrieval was performed by microwave heating of the sections
in citric acid (pH 6) for 10 min, followed by incubation with 3%H2O2 for 5 min to in-
hibit endogenous catalase. Then, the sections were washed three times with TBS with
0.1% Tween 20 for 5 min, blocked with 3% BSA for 1 h at room temperature, and in-
cubated overnight at 4°C with IL-33 (1:200 R&D Systems). Next, the sections were
washed three times in TBS with 0.1% Tween 20 for 5 min, incubated with 10 mg/
mL HRP-linked donkey anti-goat IgG (Proteintech) antibody for 1 h at room tempera-
ture, incubatedwith diaminobenzidine for 1min, and then stainedwith hematoxylin for
30 s. All images were obtained with an Olympus microscope BX51.

Quantitative real-time PCR
Lung tissue RNAwas extracted using TRIzol (Ambion) after lysis and reverse

transcribed into cDNA using a reverse transcription kit (Tsingke Biotechnology
Co, Ltd, Beijing, China) according to the manufacturer’s instructions. The expres-
sion levels of the target genes IL-33 and GAPDH were detected by SYBR Green
quantitative real-time PCR (Toyobo, Osaka, Japan). The relative gene expression
was calculated using the 2-detla-detla Ct method. The primer sequences were IL-33
(forward, 5′-TCCAACTCCAAGATTTCCCCG-3′; reverse, 5′-TTATGGTGAGGCC
AGAACGG-3′) and GAPDH (forward, 5′-ACTCTTCCACCTTCGATGCC-3′; re-
verse, 5′-TGGGATAGGGCCTCTCTTGC-3′).

Lung inflammation assays

Bronchoalveolar lavage and protein measurement
The right lungs were flushed three times in situ with 0.4 mL of ice-cold sterile

saline (0.9% NaCl). BALF was centrifuged (300g, 5 min), cells were collected for
flow analysis, and the supernatant was frozen (−80°C) until use for further analy-
sis. A bicinchoninic acid assay (Servicebio, Wuhan, China) was used to determine
the total protein in the BALF.

Lung dry/wet ratio
The wet weight of the lung tissue was measured before desiccation at 60°C for

48 h. The dry/wet weight ratio (D/W) was calculated after desiccation.

Histological analysis
The right lung lobes were fixed in 4% paraformaldehyde (Servicebio, Wuhan,

China) at room temperature. The samples were then dehydrated and embedded in
paraffin. Sections were cut into 4-μm sections and stained with hematoxylin-eosin
for histological analysis. Lung injury of the sections was scored on the basis of four
categories (alveolar and interstitial edema, alveolar and interstitial hemorrhage, alve-
olar and interstitial inflammation, and atelectasis), from 0 (normal) to 4 (severe): 0 =
no damage, 1 = damage up to 25% of the field, 2 = damage up to 25%–50% of the
field, 3 = damage to 50%–75% of the field, and 4 = diffused damage. The severity of
the lung injury was analyzed by two pathologists blinded to the experimental group
based on 10 randomly selected high-power fields (400�) in each section.

CBA
ACBAMouse inflammation kit (BD Biosciences, San Jose, CA) was used to mea-

sure IL-6, IL-10, andMCP-1 concentrations in sera andBALF according to themanufac-
turer’s instructions. The lower detection limits were 5, 17.5, and 52.7 pg/mL, respectively.

Statistical analysis
The data are presented as the mean ± standard deviation (SD). The data were

analyzed using GraphPad Prism version 8.3.1 (GraphPad Software, La Jolla, CA).
An unpaired two-tailed Student t test was performed to compare two groups, and
one-way ANOVAwas used for comparisons amongmultiple groups when the data
were normally distributed. A nonparametric test was used when the data did not
follow a normal distribution. A P value less than 0.05 was considered to be statis-
tically significant (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

RESULTS

IL-33 is elevated 1 h after LPS-induced lung injury

We first assessed whether IL-33 participated in LPS-induced
lung injury. The mRNA and protein expression levels of IL-33 were
detected by qPCR, ELISA, and western blotting. The mRNA level
of IL-33 was significantly increased at 1 h in the model lung tissue
1 h after ARDS induction and decreased at 3 and 24 h compared
with that in the control group (Fig. 1A),P < 0.05). ELISA andwest-
ern blot analysis confirmed the results (Fig. 1, C–E). Moreover,
there was concomitant with a rise in IL-33 in the BALF (Fig. 1B),
which was negligible in the control group and increased at 1 h but
decreased at 3 and 24 h after ARDS induction of the models. We
also detect the concentration of ST2 by western blot analysis. The
concentration of ST2 increases gradually and was significantly in-
creased at 24 h in lung tissue after ARDS induction compared with
that in the control group (Fig. 1, G–H, P < 0.05). Immunohistochem-
istry staining was performed to detect IL-33 localization in the lung.
As shown in Figure 1F, alveolar-type epithelial cells expressed
IL-33 predominantly in their nuclei in the wild-type (WT) ARDS
mice compared with IL-33−/− mice.

Mice lacking IL-33 or its specific receptor ST2 were protected
against ARDS

Then, we tried to confirm the role played by the IL-33/ST2
axis in ARDS by measuring lung alveolar capillary leakage,



FIG. 1. IL-33 increased in the lung andBALF1 h after LPS-induced lung injury.WTmicewere administered an intratracheal injection of LPS, and then the lung
tissue and BALFwere collected for 1, 3, and 24 h after ARDS induction. A, ThemRNAexpression level of IL-33 was detected by quantitative polymerase chain reaction
(n = 5). In the BALF (B) and lung (C), IL-33 protein concentrations were determined via ELISA (n = 5–8) and western blotting (E–D) (n = 5–8). Total protein in the lung
(C) was measured by BCA. F, An anti-IL-33 antibody was used for the immunohistochemistry analysis of lung tissue (n = 5). IL-33−/− mice were used as the negative
controls. Arrowheads point to the nuclear translocation of IL-33. Scale bar = 50 μm. G, Lung protein concentrations in lung tissue were determined viawestern blotting
(n = 3), and (H) was the typical picture. The results are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n. s., not significant. ARDS,
acute respiratory distress syndrome; BALF, bronchoalveolar lavage fluid; and KO, knockout; WT, wild-type.
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pulmonary edema, and lung tissue damage in WT, IL-33−/−, and
ST2−/− mice 24 h after ARDS model establishment. To evaluate
alveolar capillary leakage and pulmonary edema, we measured
the ratio of the D/W, total protein concentration, and neutrophil
infiltration in the BALF. After LPS-induced lung injury, we found
that the D/W ratio decreased and that the total protein concentra-
tion and neutrophil infiltration increased in WT mice (Fig. 1, A–
C). However, the D/W ratio was significantly increased in the IL-
33−/− and ST2−/− groups compared with the WT-ARDS group
(P < 0.05; Fig. 2A). The number of neutrophils in the BALF
decreased in the IL-33KO group and ST2KO group (P < 0.05;
Fig. 2, B–C), but there was no difference in the protein concentra-
tion in the BALF between the ST2 KO group andWTARDS group
(Fig. 2B). Simultaneously, under a light microscope, HE staining of
the control group showed normal lung structures. After LPS-induced
lung injury, leukocyte infiltration, alveolar congestion/hemorrhage,
alveolar collapse, and thickened alveolar walls were observed in
the lung tissues of the WT ARDS group (Fig. 2D). The IL-33−/−

and ST2−/− ARDS groups showed less morphological damage in
the lungs than the ARDS group, as indicated by decreased leukocyte
infiltration, alveolar congestion/hemorrhage, alveolar collapse, and
thickened alveolar walls (Fig. 2D). The lung injury scores showed
that lacking IL-33 or its specific receptor ST2 alleviated the lung
inflammatory response (Fig. 2E).

Mice lacking IL-33 or its specific receptor ST2 exhibit
decreased proinflammatory cytokine secretion

In addition, CBAwas performed to further assess the systemic
inflammatory role of the IL-33/ST2 axis in ARDS and tomeasure
the protein concentrations of IL-6, MCP-1, and TNF in the BALF



FIG. 2. The IL-33/ST2 axis promotes lung damage in LPS-induced ARDS. BALF and lung tissue were harvested after LPS administration for 24 h. A, The lung
D/W ratio was assessed to evaluate lung edema (n = 5). B, Protein concentration and neutrophil count (C) in the BALFwere analyzedwith a BCA kit and flow cytometry
to detect epithelial permeability (n = 5). D and E, Histopathological images of the lung tissues are based on one representative image among five (HE staining), and the
scale bar = 50 μm. The results are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n. s., not significant. ARDS, acute respiratory
distress syndrome; BALF, bronchoalveolar lavage fluid; ctr, control; D/W, dry/wet; HE, hematoxylin-eosin; KO, knockout; WT, wild-type.
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and serum at 24 h after ARDS induction. As expected, LPS-induced
ARDS resulted inmarked increases in IL-6,MCP-1, and TNF levels
both in the plasma (Fig. 3A) and BALF (Fig. 3B) after 24 h. The
serum and BALF levels of these cytokines were significantly
lower in the ST2−/−mice. The same outcome regarding the con-
centration of these cytokines in serum was observed in IL-33−/−

mice. However, the BALF levels of IL-6 and TNF were not dif-
ferent in the mice lacking IL-33 (Fig. 3B).
FIG. 3. IL-33 and ST2 deletion leads to reduced levels of circulating and BALF p
were measured 24 h after ARDS induction and by CBA. The IL-6, MCP-1, and TNF leve
measured to evaluate the systemic inflammatory response (n = 5). The data are shown a
significant. ARDS, acute respiratory distress syndrome; BALF, bronchoalveolar lavage fluid
Lung iNKT cell recruitment and activation are impaired in
IL-33– or ST2-deficient mice

The data showed that the IL-33/ST2 axis plays a detrimental role
in mice with ARDS. Here, we further explored whether IL-33 in-
duces an uncontrolled inflammatory response via iNKT cells and
can be activated and recruited to inflammatory lung tissue by
IL-33 iNKT cells (8). To this end, we examined whether IL-33 or
ST2 deficiency affected iNKT recruitment and activation 24 h after
roinflammatory cytokines. The concentrations of cytokines in the serum and BALF
ls in the plasma (A) and BALF (B) of WT mice, IL-33−/− mice, and ST2−/− mice were
s the mean + SD *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n. s., not
; CBA, bead-basedmultiplex immunoassay; ctr, control; KO, knockout; WT, wild-type.
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ARDS induction. As shown in Figure 4C, the ratio of iNKT cells
(CD45+CD3+CD1dTT+) (Fig. 4A) to CD3+ T lymphocytes was
markedly increased in the LPS-induced ARDS group compared
with the WT ARDS group in the lung, while no difference in the
spleen was found. Moreover, the geometric mean of CD69 surface
expression on iNKTcells (Fig. 4, B and C) was markedly increased,
which reflected its activation by LPS. IL-33 and ST2 deficiency
significantly decreased the iNKT cell frequency and the geomet-
ric mean of CD69 abundance in the lung (Fig. 4C). Although spleen
iNKTcells showed no difference in frequency (Fig. 4C) in the IL-33
−/−mice and ST2−/−mice, the geometric mean of CD69 expression
on iNKTcells decreased compared with that in WT mice (Fig. 4C).
After LPS administration via the airway, the ratio of NK cells (CD45
+CD3−NK1.1+) (Fig. 4D) to CD3−Tcells was increased in the lung
and decreased in the spleen (Fig. 4F). However, the geometric mean
of CD69 cell surface expression (Fig. 4E) was not different in the
lung but was markedly decreased in the spleen (Fig. 4F). Notably,
in both the lung and spleen, IL-33 and ST2 deficiency did not affect
the ratio of NK cells to CD3-Tcells or the expression of CD69 on
NK cells (Fig. 4F).
FIG. 4. Mice lacking IL-33 and ST showed reduced ability to recruit and ac
subjected to a sham treatment or intratracheal LPS injection. After 24 h, the lung an
stained with anti-CD45, anti-CD3, anti-CD1d-tetramer, anti-NK1.1, anti-CD4, anti-C
were identified as CD45+CD3+CD1d+ tetramers (n = 5). C, The data are presented
on iNKT cells in the lung and spleen (n = 3–5). D and E, Representative dot plots. N
as the ratio of NK cells to CD3− T cells and CD69 geometric mean expression on N
conducted to obtain the results shown. The data are shown as the mean + SD. *P <
acute respiratory distress syndrome; Ctr, control; KO, knockout; WT, wild-type.
Conventional T-cell activation is impaired in IL-33– and
ST2-deficient mouse

The number of iNKT cells, unconventional T cells, was de-
creased in IL-33– and ST2-deficientmice. Therefore, wemeasured
the percentage of conventional T cells in ARDS to evaluate their
role 24 h after ARDS induction. As shown in Figure 5A, the num-
ber of CD4+ T cells (CD45+CD3+CD4+) was markedly decreased
in the ratio of CD4+ Tcells to CD3+ T lymphocytes (Fig. 5A), and
the geometric mean of CD69 cell surface expression (Fig. 5A) was
increased in the lung and spleen in the LPS-induced ARDS group.
Moreover, IL-33 and ST2 deficiency significantly decreased the
geometric mean of CD69 expression on CD4+ T cells in the lung.
ST2 deficiency significantly increased the ratio of CD4+ T cells to
CD3+ T lymphocytes (Fig. 5A). However, no difference in the ratio
of CD4+ T cells to CD3+T cells or in the geometric mean of CD69
cell surface expression in the spleen of IL-33– or ST2-deficient mice
was found. The number of CD8+ T cells (CD45+CD3+CD8+) was
markedly increased in the ratio of CD8+ Tcells to CD3+ T lympho-
cytes (Fig. 5B) in the spleen of mice with LPS-induced ARDS.
However, no difference was found in the lung. The geometric mean
tivate iNKT cells after ARDS induction. WT, IL-33−/−, and ST2−/− mice were
d spleen were obtained to prepare single-cell suspensions, and the cells were
D8, and anti-CD69 antibodies. A and B, Representative dot plots. iNKT cells
as the ratio of iNKT to CD3+ T cells and the CD69 geometric mean expression
K cells were identified as CD45+CD3−NK1.1+ cells. F, The data are presented
K cells in the lung and spleen (n = 3–5). Three independent experiments were
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n. s., not significant. ARDS,



FIG. 5. The ratio of CD4+ T cells and CD8+ T cells to CD3+ T cells was not different after ARDS induction in IL-33−/− and ST−/− mice. The lung and spleen
were obtained to prepare single-cell suspensions, and the cells stained with anti-CD45, anti-CD3, anti-CD1d-tetramer, anti-NK1.1, anti-CD4, anti-CD8, and anti-CD69
antibodies 24 h after LPS-induced ARDS. A, The data are presented as the ratio of CD4+ T cells to CD3+ T cells and the CD69 geometric mean in CD4+ T cells in the
lung and spleen (n = 5). B, The data are presented as the ratio ofCD8+T cells toCD3+ T cells and theCD69geometricmean expression onCD8+ T cells in the lung and
spleen (n = 5). The results shown are based on one of three independent experiments. The data are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, and n. s., not significant. ARDS, acute respiratory distress syndrome; ctr, control; KO, knockout; WT, wild-type.
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surface expression of CD69 onCD8+ Tcells (Fig. 5B) was upreg-
ulated in the lung and spleen in the LPS-induced ARDS group.
Moreover, IL-33 and ST2 deficiency significantly decreased the
geometric mean of CD69 expression in the spleen and lung
(Fig. 5B). However, no difference in the ratio of CD8+ T cells to
CD3+ Tcells in the lung or spleen of IL-33– or ST2-deficient mice
was found (Fig. 5(B)).
FIG. 6. NKT cells contribute to lung injury in ARDS. BALF and lung tissue wer
to evaluate lung edema (n = 5). Protein concentration (B) and neutrophil count (C) in th
permeability (n = 5). D and E, One representative image of five histological images (HE
blinded to the groups. Scale bar = 50 μm. The data are shown as themean +SD. *P < 0
respiratory distress syndrome; BALF, bronchoalveolar lavage fluid; ctr, control; D/W
iNKT cells promote lung injury
A significant reduction in iNKT cells was observed in mice

lacking IL-33 or ST2. To explore the role of NKT cells in ARDS,
we used CD1d−/− and Vα14Τg mice. As shown in Figure 6A–C,
the ratio of D/W decreased, and the total protein concentration
and neutrophil infiltration were increased in the BALF after
LPS-induced ARDS, which indicated alveolar capillary leakage
e harvested 24 h after intratracheal LPS injection. A, The D/W ratio was recorded
e BALFweremeasuredwith a BCA kit and flow cytometry to determine epithelial
staining) of lung tissues. The lung injury score was evaluated by two pathologists
.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n. s., not significant. ARDS, acute
, dry/wet; HE, hematoxylin-eosin; KO, knockout; WT, wild-type.



908 SHOCK VOL. 59, NO. 6 ZOU ET AL.
and pulmonary edema. The D/W ratio was significantly increased
in the CD1dKO group but decreased in Vα14Τg group compared
with the WT group (P < 0.05) (Fig. 6A). However, the total pro-
tein concentration and neutrophil count in the BALF decreased in
the CD1dKO group but significantly increased in the Vα14Τg
group (P < 0.05) (Fig. 6, B–C).

Simultaneously, compared with that in the control group, lung
injury in the ARDS group was much more severe, which mani-
fested as increased leukocyte infiltration, alveolar congestion/
hemorrhage, alveolar collapse, and thickened alveolar walls
(Fig. 6D). However, the CD1d ARDS group showed less inflam-
matory injury than the LPS group, with the lung injury score
significantly decreased in the former. In contrast, the alveoli con-
gestion and hemorrhage, number of lung-infiltrating inflammatory
cells, and lung injury scores in the V14g ARDS group were higher
than those in the WTARDS group (Fig. 6, D–E).

NKT cells contribute to cytokine secretion

In addition, IL-6,MCP-1, and TNF protein levels weremeasured
in the BALF and serum as part of our assessment of the role of NKT
cells in ARDS systemic inflammation. As expected, LPS-induced
ARDS resulted in marked increases in IL-6, MCP-1, and TNF both
in the plasma (Fig. 7A) andBALF (Fig. 7B) after 24 h. The levels of
these cytokines were significantly higher in Vα14Τg mice during
the first 24 h after ARDS induction. However, the serum and BALF
levels of IL-6, MCP-1, and TNF were not different in CD1d-KO
mice (Fig. 7, A–B).

IL-33 promotes the inflammatory response depending
on NKT cells

Finally, to validate that IL-33 promotes inflammation through
NKT cells, a neutralizing anti-ST2 antibody was administered to
LPS-treated WT and Vα14Τg mice 1 h before LPS administra-
FIG. 7. Activated NKT cells promote the release of inflammatory factors
determined 24 h after ARDS induction by CBA. The IL-6, MCP-1, and TNF levels in
were measured to evaluate the systemic inflammatory response (n = 5). The da
****P < 0.0001. ARDS, acute respiratory distress syndrome; BALF, bronchoalveolar
tion. As shown in Figure 8, the Vα14Τg mice showed increased
alveolar-capillary leakage and pulmonary edema, which mani-
fested as an increased total protein concentration and neutrophil
infiltration in the BALF (P < 0.05) (Fig. 8, B–C) and a decreased
D/W ratio (P < 0.05) (Fig. 8A), compared with those in the WT
mice. In addition, compared with that in theWTARDS group, the
lung injury severity was higher in the Vα14Τg ARDS group
(Fig. 8E), which manifested as increased leukocyte infiltration,
alveolar congestion/hemorrhage, and alveolar collapse and thick-
ened alveolar walls (Fig. 8D). This change in lung injury was ac-
companied by significant increases in plasma (Fig. 8F) and BALF
(Fig. 8G) protein concentrations of cytokines (IL-6 and TNF-α) and a
chemokine (MCP-1) in Vα14Τg mice subjected to LPS-induced
ARDS compared with the levels in WT mice.
DISCUSSION

The results of our study indicate that IL-33 was released dur-
ing the early stages of uncontrolled inflammation, which was val-
idated 1 h after ARDS, and that IL-33 exerted a deleterious effect
by targeting NKT cells in ARDS.

In humans, IL-33 is constitutively expressed in endothelial
cells, epithelial cells, and stromal cells (21) in many organs, such
as the lung stomach, liver, and kidney. Inmouse lung tissue, alveolar
epithelial cells express IL-33, and pulmonary vascular endothelial
cells do not express IL-33 (22). Our immunohistochemical results
confirmed that alveolar type 2 cells expressed IL-33. This finding
was also reported by Li et al. (23). Although IL-33 is constitutively
expressed, it is also regulated under different physiological and path-
ological circumstances. Our results showed that the transcript levels
of IL-33 were also significantly elevated in lung tissue. This out-
come suggests that the source of IL-33 may be induced and released
from dying cells. This finding has also been reported in other
in the plasma and BALF. The concentration of cytokines in the BALF was
the plasma (A) or BALF (B) of the WT mice, CD1d−/− mice and Vα14Τg mice

ta are shown are the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and
lavage fluid; ctr, control; KO, knockout; WT, wild-type.



FIG. 8. IL-33 contributes to an uncontrolled inflammatory response in ARDS via activation of NKT cells. WT and Vα14Τg mice were pretreated with an
anti-ST2 antibody 1 h before LPS administration and sacrificed 24 h after ARDS induction. BALF and lung tissue were harvested. A, The D/W ratio was calculated
to evaluate lung edema (n = 5). B, Protein concentration and neutrophil count (C) in the BALF were measured with a BCA kit and by flow cytometry to evaluate
epithelial permeability (n = 5). D and E, One of five representative histopathological images showing the lung tissues (HE staining). The lung injury score was
determined by two blinded pathologists. Scale bar = 50 μm. F, The levels of IL-6, MCP-1, and TNF in the plasma and BALF were tested by CBA. (n = 5, *P < 0.05).
The data are shown as the mean ± SD and are representative of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. ARDS, acute respiratory
distress syndrome; BALF, bronchoalveolar lavage fluid; ctr, control; D/W, dry/wet; KO, knockout; WT, wild-type.
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diseases, such as asthma (24) and chronic obstructive pulmonary
disease (25), inwhich the levels of IL-33were found to be increased.
In contrast to Thierry’s findings (20), no significant differences were
found in the transcript levels of IL-33 released into the kidney during
the early phase of ischemia reperfusion. This outcomemay be due to
the difference between the lung and kidney tissue.

IL-33, similar to HMGB1, is rapidly passively released from
damaged necrotic cells as an “alarmin” (26), alerting the immune
system to respond to cell or tissue damage. This characteristic
suggests that IL-33 may exert its cytokine effect at an early stage
after disease onset. Indeed, the full-length form of IL-33 is re-
leased into the extracellular space after only 5 min of endothelial
cell challenge with Alternaria extracts (27). In addition, in vivo
exposure to PLA2 allergen for 15–30 min was sufficient to cause
IL-33 release in mice (27). The precise release time of IL-33 has
not yet been determined. Recently, clinical studies have collected
serum samples within 24 h of admission, and patients with
COVID-19 showed elevated IL-33 levels (9). In animal studies,
10 h after CLP, IL-33 levels were significantly elevated in the
lungs and plasma (23). These results are different from our findings,
which showed that IL-33 was significantly elevated 1 h after
LPS-induced ARDS and decreased quickly, within 24 h. This result
confirmed our supposition and agrees with Thierry’s observations
(20), which showed that IL-33 was released 1 h after IRI. Moreover,
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it validates the idea that IL-33 modulates the immune response at
an early stage of disease.

IL-33 is mainly found in the nucleus and is a transcription fac-
tor in addition to a cytokine. Both clinical and animal studies have
validated that it exerts a deleterious effect on the uncontrolled in-
flammatory response in ARDS (9,28–30). This outcome is con-
sistent with our findings, in which we used genetic engineering
techniques to confirm that blocking the IL-33/ST2 axis attenuates
early uncontrolled pulmonary edema and reduce proinflammatory
factor release in ARDS mice. These outcomes suggest that we can
modulate the uncontrolled inflammatory response of ARDS early
using IL-33 monoclonal antibodies in the future. Currently, IL-33
monoclonal antibodies are available for the treatment of uncon-
trolled inflammatory responses in ARDS, but the expected clinical
results have not been obtained (31). Combined with the findings of
our experiment, it may be more effective to administer IL-33
monoclonal antibodies at a much earlier stage of ARDS.

As soon as it is secreted, IL-33 binds to a specific membrane
receptor, ST2L, which belongs to the superfamily of receptors
that are similar to those of the IL-1 receptor family. Awide variety
of cellular targets express the ST2L receptor, notably immune
cells such as the intrinsic immune cells ILC, NK, NKT, macro-
phages, neutrophils, and CD4+ T cells, CD8+ T cells, and Treg.
Hence, it is worthwhile to further explore the main effector cells reg-
ulated by IL-33 in the early inflammation stage of ARDS. IL-33 tar-
gets NKTcells but not NK, CD4+ Tcells, or CD8+ Tcells, accord-
ing to our study. NKT cell recruitment and activation in the lung
were significantly reduced inmice deficient in IL-33 or ST2. To con-
firm the correlation between IL-33 and NKT cells, we designed re-
versal experiments usingWTandVα14Τgmicewith prior blockade
of IL-33 activation by an ST2 Fc chimera and found that IL-33 reg-
ulated the early uncontrolled inflammatory response that was depen-
dent on NKT cells in ARDS. This was consistent with the result
showing that IL-33 promoted the recruitment and activation of
NKT cells at local injury sites within 24 h of IRI (20). IL-33 pro-
motes an uncontrolled inflammatory response in ARDS by means
of a newly discovered mechanism. It provides targetable molecules
and immune cells for exploring the early uncontrolled inflammatory
response in ARDS.

A previously unknown mechanism by which the IL-33/ST2
signaling axis regulates the early uncontrolled inflammatory re-
sponse in ARDS in an NKTcell–dependent manner was revealed
in this study using genetic mice and reversal experiments. Our
work has the following important limitations: the IL-33/ST2 axis
affected the activation indicator of conventional T lymphocytes,
but the percentage has no difference. Further experiments are
needed to explore the specific types of lymphocyte activation that
play a role. In addition, we found that the IL-33/ST2 signaling axis
regulates the early uncontrolled inflammatory response in ARDS
in an NKT cell–dependent manner. However, unfortunately, we
still do not know how IL-33 regulates the function of NKT cells.
Thus, this issue will be explored in the future.
CONCLUSIONS

In summary, according to our data, IL-33 was released in ARDS
at an early stage. In addition, we demonstrated that IL-33 stimulates
the uncontrolled inflammatory response through iNKT cells. IL-33
and NKTcells may be molecules and immune cells, respectively,
to target early for treating ARDS cytokine storms.
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