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Abstract

neurological diseases.

pro-inflammatory cytokine levels in the brain.

microscopy

Background: Interleukin-33 (IL-33) is increasingly being recognized as a key immunomodulatory cytokine in many

Methods: In the present study, wild-type (WT) and IL-337~ mice received intracerebroventricular (i.c.v.)
injection of lipopolysaccharide (LPS) to induce neuroinflammation. Intravital microscopy was employed to
examine leukocyte—endothelial interactions in the brain vasculature. The degree of neutrophil infiltration was
determined by myeloperoxidase (MPO) staining. Real-time PCR and western blotting were used to detect
endothelial activation. Enzyme-linked immunosorbent assay and quantitative PCR were conducted to detect

Results: In IL-337" mice, neutrophil infiltration in the brain cortex and leukocyte-endothelial cell interactions in the
cerebral microvessels were significantly decreased as compared to WT mice after LPS injection. In addition, IL-337~
mice showed reduced activation of microglia and cerebral endothelial cells. In vitro results indicated that IL-33 directly
activated cerebral endothelial cells and promoted pro-inflammatory cytokine production in LPS-stimulated microglia.

Conclusions: Our study indicated that IL-33/ST2 signaling plays an important role in the activation of microglia and
cerebral endothelial cells and, therefore, is essential in leukocyte recruitment in brain inflammation.

Keywords: CNS inflammation, IL-33/ST2, Neutrophil infiltration, Endothelial activation, Microglia activation, Intravital

Highlights
IL-337~ mice exhibit low inflammatory cytokine
expression and microglial activation in LPS-induced
neuroinflammation.

IL-33 mediates endothelial cell activation and neutro-
phil infiltration in the brain.

Background

The brain is considered an immune-privileged organ [1, 2].
In response to various bacterial infections, robust innate
immune responses can occur in the brain [3, 4]. Central
nervous system (CNS) inflammatory conditions, such as
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bacterial meningitis [5, 6] and viral infections [7, 8], are
generally associated with elevated innate immune re-
sponses, including activation of residential microglia and
recruitment of immune cells from the circulation. Microglial
cells are considered the immune defensive macrophages in
the CNS [9] and play a dominant role in the innate immune
response to infectious diseases in the CNS [10]. The neu-
roinflammatory response starts with microglial activation
[11-13]. Pro-inflammatory cytokines produced by glial cells,
such as tumor necrosis factor-a (TNF-a) [14], are widely
recognized to activate endothelial cells and induce the ex-
pression of adhesion molecules [15-17], which mediate
leukocyte-endothelial interactions and their subsequent
transmigration across the blood-brain barrier (BBB) into the
brain parenchyma [18—20].
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Interleukin-33 (IL-33), a member of the IL-1 cytokine
family, has attracted growing research interest. IL-33
was first described as a nuclear protein [21] but also ex-
erts its cytokine activity by binding to a heteromeric re-
ceptor comprising ST2 and IL-1 receptor accessory
protein (IL-1RAcp) [22, 23]. IL-33 is generally released
by damaged cells to act as an alarmin [24, 25], and it is
reported to be released from astrocytes or oligodendro-
cytes [26, 27]. It has an important effect on innate and
adaptive immunity [25, 28, 29] and contributes to the
maintenance of tissue homeostasis. IL-33 expression
levels in the CNS are the highest among all organs [21].
Recently, there has been increased research interest in
the role of IL-33 in the CNS. In a mouse model of trau-
matic brain injury, the deficiency of IL-33/ST2 sup-
pressed microglia/macrophage infiltration in the injured
region [30]. In a mouse model of CNS injury, IL-33 was
critical in inducing chemokine production for monocyte
recruitment through microglia [26]. In an animal model
of stroke, the IL-33/ST2 axis functioned as an immuno-
regulatory mechanism that enhanced M2 polarization of
microglia and reduced stroke [27]. Together, these find-
ings suggest that IL-33 signaling is important for inflam-
mation modulation and immune cell recruitment in
CNS diseases. However, the detailed mechanisms under-
lying the contribution of IL-33/ST2 signaling to neuroin-
flammation modulation and leukocyte recruitment
remain unclear.

In this study, we employed intravital microscopy to
examine the role of IL-33 in leukocyte recruitment during
lipopolysaccharide (LPS)-induced neuroinflammation in
mice, and we evaluated the effects of IL-33 on endothelial
cells and microglia in vitro. In response to LPS administra-
tion, IL-337"~ mice exhibited significantly lower expression
of adhesion molecules, such as VCAM-1, ICAM-1, and P-
selectin, than wild-type (WT) mice, suggesting that IL-33
contributes to brain endothelial cell activation. In addition,
pro-inflammatory cytokine levels and microglial activation
were lower in IL-337 than in WT mice. IL-33 stimulated
cerebral endothelial cell activation in vitro, and IL-33 was
found to be essential to promote LPS-stimulated microglial
pro-inflammatory cytokine production. Taken together,
these results demonstrated that IL-33 plays an important
role in endothelial cell activation and immunomodulation
through microglia in neuroinflammation.

Methods

Animals and reagents

Male C57BL/6] mice (7-8 weeks old, 20-25 g), used as WT
controls, were purchased from the Animal Core Facility of
Nanjing Medical University. IL-33-deficient (IL-337") mice
(C57BL/6] background) were obtained from Dr. Hiroshi
Kiyonari (Laboratory for Animal Resources and Genetic
Engineering, Center for Developmental Biology, Institute of
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Physical and Chemical Research, Kobe, Japan). ST2-
deficient (ST27") mice (C57BL/6J background) were
obtained from Dr. Fang Zheng (Department of
Immunology, School of Basic Medicine, Tongji Medical
College, Huazhong University of Science and Technology,
Wuhan, China). All mice were maintained in the Animal
Core Facility of Nanjing Medical University under specific
pathogen-free conditions with free access to food and water.
All animal experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Com-
mittee of Nanjing Medical University and were in compli-
ance with institutional guidelines.

LPS (Escherichia coli serotype 0111: B4 strain) was
purchased from InvivoGen (San Diego, CA, USA). Re-
combinant mouse IL-33 protein was purchased from
R&D Systems (Minneapolis, MN, USA). Antibodies
against VCAM-1, P-selectin, E-selectin, IL-33, myeloper-
oxidase (MPO), and mouse serum albumin were pur-
chased from Abcam (Cambridge, MA, USA). Antibody
against ST2 was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibodies against p-actin,
ERK, phospho-ERK, p38 mitogen-activated protein kin-
ase (MAPK), phospho-p38 MAPK, JNK, phospho-JNK,
NF-kB p65, and phospho-NF-kB p65 were purchased
from Cell Signaling Technology (Beverly, MA, USA).
The anti-ionized calcium-binding adaptor molecule 1
(Iba-1) antibody was purchased from Wako Pure Chem-
ical (Osaka, Japan).

Cell culture

The murine cerebral microvascular endothelial cell line
bEND.3 and the murine microglial cell line BV2 were
purchased from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM;
GE Healthcare Hyclone, Logan, UT, USA) containing
10% fetal bovine serum (FBS; Gibco, Gaithersburg, MD,
USA), at 37 °C in a 5% CO, incubator. The cells were
serum-starved for 12 h before they were stimulated with
IL-33 for western blotting.

Intracerebroventricular LPS injection

Mice were administered an intracerebroventricular (i.c.v.)
LPS injection as previously described [10]. In brief, the mice
were anesthetized via intraperitoneal injection of 200 mg/
kg ketamine and 10 mg/kg xylazine. The mice were placed
onto a rodent stereotaxic frame (David Kopf Instruments,
Tujunga, CA, USA). Then, 2 pg of LPS in 2 pl saline was
injected into the left ventricle using a Hamilton microsyr-
inge over a 5-min period. Control animals received an i.c.v.
injection of an equal volume of saline. After i.c.v. injection,
the animals were maintained at 36 + 1 °C on a thermostatic
heating system (Harvard Apparatus, MA, USA) throughout
the experiment.
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Intravital microscopy

Intravital microscopy was performed as previously
described [10]. After anesthetization, a craniotomy was
performed in the right parietal bone using a high-speed
drill and the dura was carefully removed to expose the
brain microvessels. The mice were given an intravenous
injection of rhodamine 6G (Sigma-Aldrich, St. Louis, MD,
USA) (0.5 mg/kg body weight) to label leukocytes.
Leukocyte—endothelial interactions in the brain microvas-
culature were photographed using a sCMOS camera
(ORCA-Flash 4.0; Hamamatsu, Japan) mounted on Nikon
EN1 microscope. Three different microvessels with diame-
ters of 30-60 um were visualized and imaged. Rolling leu-
kocytes were defined as cells moving at a velocity less than
that of erythrocytes. Cells were considered adherent when
they remained stationary for 30 s.

Enzyme-linked immunosorbent assay (ELISA)

The mice were anesthetized after i.c.v. LPS injection and
subsequently perfused through the heart with 20-30 ml
of ice-cold PBS to clear blood cells and proteins from
the circulation. The brains were rapidly removed and
subsequently homogenized in 1 ml of ice-cold PBS,
followed by centrifugation at 12,000xg for 5 min at 4 °C.
The supernatants were assayed for TNF-a, IL-6, IL-1f,
and MCP-1 concentrations using commercial ELISA kits
(for TNF-a, IL-6, and IL-1P: BD Biosciences, San Diego,
CA, USA; for MCP-1: R&D Systems) following the man-
ufacturers’ instructions.

RNA isolation and quantitative reverse transcription
(gRT)-PCR

After perfusion of the heart with ice-cold PBS, the
mouse brain was collected and homogenized in 1 ml of
TRIzol (Takara Bio, Shiga, Japan) on ice, and RNA was
extracted using TRIzol reagent following the protocols
supplied by the manufacturer. One microgram of total
RNA was reverse-transcribed into ¢cDNA using Prime-
Script RT Master Mix (Takara Bio). Then, real-time PCR
was conducted using SYBR® Green (Bio-Rad Laborator-
ies, Hercules, CA, USA) following the manufacturer’s in-
structions. The following primer sets were used: TNF-a
fwd, 5'-ACGGCATGGATCTCAAAGAC-3’, and TNF-a
rev, 3'-AGATAGCAAATCGGCTGACG-5; IL-6 fwd,
5'-ACAACCACGGCCTTCCCTAC-3’, and IL-6 rev, 3'-A
GATAGCAAATCGGCTGACG-5'; IL-1p fwd, 5'-TGTC
TTGGCCGAGGACTAAGG-3’, and IL-1f rev, 3'-TGGG
CTGGACTGTTTCTAATGC-5; P-selectin fwd, 5'-TCCA
GGAAGCTCTGACGTACTTG-3’, and P-selectin rev,
3'-GCAGCGTTAGTGAAGACTCCGTAT-5'; E-selectin
fwd, 5-TGAACTGAAGGGATCAAGAAGACT-3’, and
E-selectin rev, 3'-GCCGAGGGACATCATCACAT-5";
ICAM-1 fwd, 5'-CCTGTTTCCTGCCTCTGAA-3’, and
ICAM-1 rev, 3'-GTCTGCTGAGACCCCTCTTG-5";
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VCAM-1 fwd, 5'-TGACAAGTCCCCATCGTTGA-3’,
and VCAM-1 rev, 3'-ACCTCGCGACGGCATAATT-5;
IL-33 fwd 5'-TCCAACTCCAAGATTTCCCCG-3’, and
IL-33 rev, 3'-AAGACGGTACAGATGACGTAC-5; and
GAPDH fwd, 5-TGCAGTGGCAAAGTGGAGATT-3/,
and GAPDH rev, 3'-TCGCTCCTGGAAGATGGTGAT-5'.
The housekeeping gene GAPDH was used for
normalization. qPCR were conducted in triplicate for
each sample, and target mRNA levels were quanti-
fied using the 2724<* method.

Western blotting

Mice were anesthetized and perfused through the
heart with ice-cold PBS to clear blood cells and pro-
teins from the circulation. The mouse brains were
rapidly removed and homogenized in 1 ml of ice-cold
PBS and then centrifuged at 13,800xg for 5 min at
4 °C. For cell-based assays, cells were treated with
radioimmunoprecipitation assay lysis buffer for
30 min at 4 °C and centrifuged at 13,800xg for
10 min at 4 °C. The supernatants of brain homoge-
nates or cell lysates were diluted in loading buffer
and boiled at 100 °C for 10 min. The samples were
subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and the proteins were transferred to a
polyvinylidene difluoride membrane (Millipore, Billerica,
MA, USA). The membranes were blocked with 5% bovine
serum albumin in PBS for 2 h at room temperature and
then incubated with primary antibody overnight at 4 °C.
The membranes were washed with PBST (0.05% Tween-
20 in PBS) three times and then incubated with species-
appropriate HRP-conjugated secondary antibody for 1.5
-2 h at room temperature. Then, the membranes were
washed with PBST three times and subjected to immuno-
detection with enhanced chemiluminescence reagents
(PerkinElmer, Waltham, MA, USA).

Primary culture of purified microglia and astrocytes

The brains of newborn mice were harvested and the
cerebella, white matter, and leptomeninges were sepa-
rated from the cerebral cortices. Then, the cerebral
cortices were trypsinized for 5 min at 37 °C and fil-
trated through a 70-um pore-size filter (Millipore,
Billerica, MA, USA). Cells from six cerebra were
seeded in a 75-cm” culture flask containing 15 ml of
DMEM/F12 with 10% FBS and incubated in 5% CO,
at 37 °C. After 24 h, the entire medium was replaced,
and then half of the medium was exchanged every 3
-4 days. On days 13-14, microglia were isolated from
the mixed glial culture by shaking the flask at
200 rpm for 1 h at 37 °C [31]. The microglia were
centrifuged and seeded in 24-well plates for further
stimulation. The mixed glial cells were passaged two
to three times and shaken at 220 rpm for 6 h; the
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supernatants were discarded and the remaining adher-
ent cells were collected as astrocytes. The purity of
the isolated microglia and astrocytes was 95 and 90%,
respectively.

Isolation and culture of murine cerebral endothelial cells
Seven- to 8-week-old mice were sacrificed, and their brains
were collected. The cerebella, striata, optic nerves, and
white matter were removed, and cerebral cortices were col-
lected. The tissue samples were digested in 15 ml of 0.1%
collagen B (Roche, Indianapolis, IN, USA) supplemented
with 30 U/ml DNase I (Sigma, St. Louis, MO, USA) for 1.
5 h at 37 °C and shaken every half hour. The microvessel
pellets were resuspended in medium supplemented with
3 ng/ml of bovine fibroblast growth factor (Peprotech,
Rocky Hill, NJ, USA), 30% FBS, 10 U/ml of heparin, 100 U/
ml of penicillin, and 100 pg/ml of streptomycin. The micro-
vessel suspensions were placed in six-well plates pre-coated
with rat-tail collagen I (Sigma-Aldrich) and incubated in 5%
CO, at 37 °C. The medium was changed within the first
24 h and then every 2 days. The endothelial cells grew to
confluence within 7-10 days.

Immunohistochemical analysis

Brain blocks were embedded in paraffin after fixation in
4% paraformaldehyde and then sliced into 4-um sec-
tions. After blocking with bovine serum albumin, for the
detection of infiltrating neutrophils, the sections were
incubated with anti-MPO antibodies at 4 °C overnight.
This was followed by a 1-h incubation with horseradish
peroxidase (HRP)-labeled secondary antibodies at room
temperature. Different fields of view were analyzed at
magnifications of x100 and x400, and cells stained posi-
tive for primary antibody were counted under a Nikon
E100 microscope.

Immunofluorescence

Mice were perfused with ice-cold PBS and 4% parafor-
maldehyde, and the brains were collected, conserved in
paraformaldehyde, and dehydrated in a 30% sucrose so-
lution. Then, 25-um cortex sections were incubated
overnight with anti-Ibal. Iba-1 is known to be the acti-
vation marker of microglia. The cortex was observed in
four fields of view at a primary magnification of x200 in
every brain section. Images were captured using a fluor-
escence microscope (Nikon Eclipse TE2000-S, Nikon,
Tokyo, Japan) at a magnification of x200.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5 software. The data are shown as the mean + standard
error of the mean (SEM). Means were compared using
Student’s ¢ test for two groups or one-way ANOVA for
multiple groups. P < 0.05 was considered significant.
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Results

IL-33 and ST2 expression in the brain after i.c.v. LPS injection
i.c.v. injection of LPS induced strong expression of inflam-
matory cytokines in the brains of WT mice. The mRNA
(Fig. 1a) and protein (Fig. 1b) levels of IL-33 were gradually
increased at 4 h and peaked at 8 h after i.c.v. LPS injection
and decreased thereafter. The mRNA levels of TNF-a
peaked at 4 h (Fig. 1c), the protein levels of TNF-a peaked
at 8 h, and both were then decreased (Fig. 1c, d). Surpris-
ingly, the protein levels of ST2 remained unchanged from 4
to 12 h after LPS injection (Fig. 1e).

IL-33 deficiency decreases LPS-induced neutrophil
recruitment into the brain

To examine the role of IL-33 in neutrophil recruitment in
brain inflammation, we administered i.c.v. LPS injection to
WT and IL-33""" mice. Brain sections from the mice were
stained with MPO to evaluate neutrophil recruitment.
Neutrophil infiltration into the brain started at 12 h (Fig. 2a)
and peaked at 24 h after LPS injection (Fig. 2a). Compared
with WT mice, IL-337" mice exhibited significantly
reduced neutrophil infiltration (Fig. 2b). We used intravital
microscopy to examine the role of IL-33 in leukocyte endo-
thelial interactions in brain microvessels. i.c.v. injection of
saline did not induce leukocyte rolling or adhesion in brain
microvessels of WT (Fig. 2c) and IL-337"" mice (Fig. 2d). In
WT mice, i.cv. LPS administration induced substantial
leukocyte—endothelial interactions in brain microvessels
(Fig. 2e). Interestingly, i.c.v. LPS-elicited leukocyte—endo-
thelial cell interactions were significantly affected by the
deficiency of IL-33 (Fig. 2f): in IL-337/" mice, leukocyte
rolling (Fig. 2g) and adhesion (Fig. 2h) induced by i.c.v.
LPS were significantly reduced as compared to those in
WT mice.

IL-33 deficiency decreases brain endothelial adhesion
molecule expression but does not affect blood-brain
barrier (BBB) permeability

To examine whether IL-33 deficiency affects cerebral
endothelial activation, we determined the mRNA levels of
the endothelial adhesion molecules VCAM-1, ICAM-1, P-
selectin, and E-selectin in the brains of IL-337/~ mice by
qRT-PCR. Four hours after i.c.v. LPS administration,
the mRNA expression of all these adhesion molecules
was significantly elevated in LPS-treated brains of WT
mice (Fig. 3a—d). Interestingly, in IL-337"~ mice, mRNA
expression of these adhesion molecules was significantly
lower than in WT mice. In addition, VCAM-1, P-selectin,
and E-selectin protein levels were lower in IL-337" than in
WT mice in 4-h LPS-induced neuroinflammation (Fig. 3e).
BBB permeability can affect leukocyte recruitment in the
brain. To determine whether IL-33 deficiency led to altered
BBB permeability, we measured the brain albumin leaked
from the circulation. Interestingly, the BBB permeability
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Fig. 1 IL-33 and ST2 expression in the brain after LPS stimulation. l.c.v. LPS injection, used as a standard neuroinflammation model, resulted in a
significant increase in inflammatory cytokines in WT mice. IL-33 (a, b) and TNF-a (¢, d) expression and concentrations in the brains of WT mice
were detected via real-time quantitative PCR (a, €) and ELISA (b, d) at 4, 8, and 12 h after LPS injection. e ST2 expression in the brains of WT mice
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showed no difference between WT and IL-337" mice
treated with i.cv. LPS (Fig. 3f). In addition, at 24 h after
LPS injection, VCAM-1, P-selectin, and E-selectin protein
levels were also lower in IL-337" than in WT mice, and
albumin protein levels in the brains showed no difference
between IL-337"~ and WT mice (Fig. 3f). Thus, IL-33 con-
tributes to cerebral endothelial activation through upregu-
lating the expression of endothelial adhesion molecules but
may not play a role in the breakage of the BBB during
LPS-induced neuroinflammation.

IL-33 mediates cerebral endothelial cell activation
To determine the role of IL-33 in brain endothelial cell acti-
vation, we stimulated brain primary endothelial cells with

LPS and examined the expression of IL-33 and ST?2 in these
cells. In addition, we examined the expression of IL-33 and
ST2 in LPS-stimulated astrocytes and microglia. After LPS
treatment for 4 h, increased IL-33 expression was observed
only in cultured primary astrocytes (Fig. 4a). IL-33 expres-
sion was not detectable in microglia and endothelial cells
with or without LPS treatment (Fig. 4a). ST2 expression was
noted in all three cell types and remained unchanged with
LPS administration (Fig. 4b). To determine the role of IL-33
in endothelial ST2 receptor expression, we treated bEnd.3
brain endothelial cells with IL-33 (50 ng/ml) for O, 1, 3, 6,
12, and 24 h. The protein levels of VCAM-1, P-selectin, and
E-selectin in these cells were increased over time and be-
came significant at 1-24, 6-24, and 3-24 h, respectively,
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J

after IL-33 stimulation (Fig. 4c). IL-33 treatment also acti-
vated multiple signal molecules in brain endothelial cells.
After 30 min of stimulation, increased levels of phospho-
ERK and phospho-p38 MAPK were observed in IL-33-
treated bEnd.3 cells (Fig. 4d). However, no significant
changes in the phosphorylation levels of JNK and NF-xB
p-65 were noted.

IL-33 deficiency decreases neuroinflammation and
microglial activation

In acute CNS inflammation, cytokines secreted from
glial cells play an essential role in endothelial activation

and leukocyte recruitment [15]. At 4 h after i.c.v. LPS in-
jection, the mRNA levels of pro-inflammatory cytokines
TNEF-q, IL-6, MCP-1, and IL-1p were significantly ele-
vated in the brains of WT mice (Fig. 5a—d). Compared
to WT mice, IL-33" mice exhibited lower mRNA
levels of TNF-q, IL-6, and MCP-1, but not IL-1p in the
brains (Fig. 5a—d). At the protein level, TNF-a was not
affected by IL-33 deficiency at 4, 8, and 12 h after LPS ad-
ministration, whereas IL-6, MCP-1, and IL-1( were lower
in IL-337"" than in WT mouse brains (Fig. 5e—h). Iba-1 is
considered as the activation marker of microglia [32, 33].
Immunostaining with anti-Ibal showed that LPS-treated
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Fig. 4 IL-33 stimulates endothelial cell activation and adhesion molecule expression. Primary astrocytes, microglia, and endothelial cells were
isolated from WT mice and treated with saline or LPS (100 ng/ml) for 4 h, and then, IL-33 (a) and ST2 (b) expression were measured by western
blotting. Brain bEnd.3 endothelial cells were stimulated with IL-33 (50 ng/ml) for 0, 1, 3, 6, 12, and 24 h, and VCAM-1, P-selectin, and E-selectin (c)
expression were detected by western blotting. d Brain endothelial bEnd.3 cells were incubated with IL-33 (50 ng/ml) for the indicated time
periods, and phosphorylated and total ERK, p38, JNK, and NF-kB p65 in cell lysates were detected by using western blotting. n =4 mice for each
group. Data are shown as the mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001
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IL-337"" mice had substantially lower numbers of
activated microglial cells in cortex sections than LPS-
injected WT mice (Fig. 5i). Therefore, deficiency of IL-33
affected microglial activation and inflammatory cytokine
expression in LPS-induced brain inflammation.

IL-33 promotes LPS-induced pro-inflammatory cytokine
production in microglia

To further confirm the role of IL-33 in microglial activa-
tion and pro-inflammatory cytokine production, we
treated primary microglia with LPS (100 ng/ml) and/or
IL-33 (50 ng/ml) for 4 h and measured the pro-
inflammatory cytokine levels in the supernatant by ELISA.
The TNF-a and IL-6 levels in the supernatants of cells
treated with both LPS and IL-33 were significantly higher

than those in the supernatants of cells treated with 4-h IL-
33 or LPS alone (Fig. 6a, b). Similarly, treatment of mur-
ine BV2 microglial cells with LPS (100 ng/ml) and
IL-33 (50 ng/ml) for simultaneously 4 h induced sub-
stantially higher levels of TNF-a and IL-6 in the cul-
ture supernatants than treatment with LPS or IL-33
alone (Fig. 6¢, d). To determine whether the proin-
flammatory role of IL-33 is mediated through the re-
ceptor ST2, we cultured primary microglia from WT
and ST2™'~ mice and treated them with LPS (100 ng/
ml) plus IL-33 (50 ng/ml). In LPS+IL-33 treatment
culture, the levels of TNF-a and IL-6 in the super-
natant were significantly increased in the culture of
WT microglia, and this response was significantly re-
duced in the supernatant of ST2”/~ microglial culture



Cao et al. Journal of Neuroinflammation (2018) 15:136

Page 9 of 12

150 —
§ |L| < g §
4 = [4 [
€ 4 5 £

100 £ -

-] T @

w © o -
@ :
g 3 g ﬁ
2 50 2 2 2
- © - 1]
3 © 3 °
& = 2 ©

/- o /- /- o -I-

Ctr WT IL-33" Ctr WT IL-33" Ctr WT IL-33" Ctr WT IL-33

LPS LPS LPS LPS
COWT 33"

150 1800 *kk 8000 1000 .
z = 1500 L’ =3 LL I .
® E S 6000 £ 800 *
Z100 2 1200 & g —

2 e kK ] » 600
< 2 900 ™ S 4000 K]
3 2 3 5 400
5 50 = 600 B o« a
N © - d 2000 -
z = 300 g & 200
0 o0 0 0
oh 4h 8h 12h Oh 4h 8h 12h oh 4h 8h 12h oh 4h 8h 12h
LPS LPS LPS LPS
| WT IL-33"
sl 100 ok -
aline 80 -
8 60
:_
2 40
20
LPS Saline LPS

Fig. 5 Pro-inflammatory cytokine levels and microglial activation in the brains of WT and IL-337" mice after i.cv. LPS injection. WT mice and IL-337~
mice received i.cv. injection of saline or LPS, and pro-inflammatory cytokine expression levels were detected in the brains by using gRT-PCR and ELISAs.
The mRNA levels of the pro-inflammatory cytokines TNF-a (a), IL-6 (b), and MCP-1 (c) were significantly decreased in IL-337" mice 4 h after LPS
administration, and no differences in IL-1( levels (d) were observed in the brains of LPS-treated WT and IL-337" mice. TNF-a production in the brains
did not differ between LPS-treated WT and 1L-337~ mice (e), but IL-337~ mice produced significantly less IL-6 (f), MCP-1 (g), and IL-1B (h) in the brains

than WT mice. Twelve hours after i.cv. LPS injection, cortex sections of WT and IL-337~ mice were immunostained with anti-lbal antibody to
determine microglial activation, and IL-33~~ mice exhibited significantly decreased microglial activation as compared to WT mice (i). Data are
presented as the mean + SEM, with n =5 for all groups; *P < 0.05, **P < 0.01,

and **P < 0.001

compared with the supernatant of WT microglial
culture (Fig. 6e, f).

Discussion

Recent studies have shown that IL-33, as a pleiotropic
cytokine, is highly expressed in the brain [34]. While the
function of IL-33 in the brain remains controversial [35],
most studies have demonstrated that I1L-33 released from
astrocytes serves as a negative regulator of the progression
of different types of CNS inflammation [26, 36, 37]. It has

recently been reported that IL-33 exerts protective effects
against hemorrhage and acute ischemic brain injury in
animal models [26, 27]. In addition, Fu et al. have shown
that IL-33 ameliorated cognitive decline in an animal
model of Alzheimer’s disease [38]. In the present study,
we showed that IL-33 mRNA and protein levels were sig-
nificantly increased in the brain in response to i.c.v. LPS
injection, and IL-33 was solely produced by astrocytes
rather than endothelial cells. Further, IL-33 derived from
astrocytes not only enhanced the inflammatory response
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Fig. 6 IL-33 promotes LPS-induced pro-inflammatory cytokine production by microglia. Primary microglia from WT mice were stimulated with
LPS (100 ng/ml), IL-33 (50 ng/ml), or LPS (100 ng/ml) plus IL-33 (50 ng/ml), and after 4 h, the levels of the pro-inflammatory cytokines TNF-a (a)
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LPS (100 ng/ml) plus IL-33 (50 ng/ml) for 4 h, and the levels of TNF-a (c) and IL-6 (d) in supernatants were detected by ELISA. Primary microglia
isolated from WT and ST27/~ mice were stimulated with combined LPS (100 ng/ml) and IL-33 (50 ng/ml) for 4 h, and the levels of the TNF-a (e)
and IL-6 (f) were detected in supernatants by ELISA. Data are shown as the mean + SEM (n =4 for all groups). **P <0.01 and ***P < 0.001
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of microglia to LPS but also played an essential role in me-
diating cerebral endothelial activation and subsequent
leukocyte recruitment in LPS-induced brain inflammation.
The role of IL-33 in the LPS injection model is partly dif-
ferent from that in other CNS inflammation models,

which might lead to different phenomena. LPS injection
can directly activate the TLR4 signal pathway and induce
acute neuroinflammation, while in other models, inflam-
mation is generally induced by hypoxia, toxic materials, or
virus. In addition, IL-33 can directly trigger an increase in
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the expression of LPS receptor components (MD2/CD14
and TLR-4) and the MyD88 adaptor molecule. While
these factors may explain the discrepant findings, the de-
tailed mechanism underlying the difference requires fur-
ther research.

Microglial activation is essential in all types of neuro-
inflammation [13]. Our results clearly showed that the
IL-33 receptor ST2 is constitutively expressed in glial
cells. Thus, we hypothesized that ST2 stimulation by its
natural ligand IL-33 could promote microglial activation
in response to LPS. Therefore, we assessed the role of
IL-33 in LPS-induced microglial activation. Our data
clearly showed that IL-33 deficiency resulted in signifi-
cant reduction in inflammatory cytokine expression and
microglial cell activation in the brain cortex. Interest-
ingly, the inflammatory cytokine protein levels were not
in accordance with the transcript levels. At the protein
level, the differences in IL-1p were very small, and the
difference in MCP-1 expression was apparent only at the
last time point. We speculate that the difference in IL-
1P protein was small because there was no significant
difference in IL-1f transcript levels between WT and IL-
33-deficient mice. In addition, the transcript level of
MCP-1 was detected at 4 h, after transcription and
translation, and the difference may appear later, until
12 h. IL-33 exerted a synergistic effect on glial activation
with LPS and triggered an increase in inflammatory
cytokine expression; however, this proinflammatory
function was significantly decreased in microglia lacking
ST2. These results indicated that IL-33 promotes micro-
glial activation by LPS through ST2. Nevertheless, more
detailed signaling mechanisms underlying the proinflam-
matory role of IL-33 warrant further investigation.

Upon i.c.v. LPS injection, IL-33""~ mice had reduced
leukocyte recruitment and neutrophil infiltration in
brain parenchyma as compared to WT mice. In our
study, the deficiency of IL-33 directly caused a signifi-
cant reduction in rolling and adherent leukocyte num-
bers in cerebral microvessels, indicating that endothelial
activation was compromised. Accordingly, the expres-
sion of adhesion molecules, such as VCAM-1, ICAM-1,
P-selectin, and E-selectin, which facilitate leukocyte roll-
ing and adherence in brain microvasculature, were sig-
nificantly decreased in IL-337" mice. At 4 and 24 h
after LPS injection, compared to WT mice, IL-337"
mice did not show any difference in BBB permeability.
Therefore, the lower neutrophil infiltration was not due
to a change in BBB integrity but because of reduced
endothelial activation. These findings prompted us to
further explore the role of IL-33/ST2 in LPS-induced
endothelial cell activation. Additionally, we show that
ST2 was expressed in endothelial cells and IL-33 directly
induced the expression of VCAM-1, P-selectin, and E-
selectin as well as phosphorylation of ERK and p38
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MAPK in cerebral endothelial cells. Obviously, IL-33 is
an important endothelial activator in LPS-induced
neuroinflammation.

As ST2 is expressed on endothelial cells and microglia,
it is possible that IL-33 mediated neuroinflammatory
modulation by affecting endothelial cell and microglial
activation. IL-337" mice had reduced inflammatory
cytokine levels. However, the key inflammatory cytokine
of endothelial activation, TNF-a, did not exhibit signifi-
cant changes. Therefore, the reduced leukocyte recruit-
ment in IL-33”" mice is unlikely to be caused by
compromised microglial activation. Moreover, IL-33 can
directly activate cerebral endothelial cells and upregulate
the expression of endothelial cell adhesion molecules in
vitro suggesting that IL-33 plays a key role in stimulating
endothelial cell activation and leukocyte recruitment in
the CNS.

Conclusions

IL-33 is inducible in CNS astrocytes by LPS. Upon in-
duction, IL-33 is able to boost the innate immune re-
sponse by promoting microglial activation and activating
endothelial cells to facilitate leukocyte recruitment. Our
study unraveled a novel mechanism of the proinflamma-
tory role of IL-33 in cerebral endothelial activation and
leukocyte recruitment in neuroinflammation suggesting
an integral role for IL-33 in CNS innate immunity.
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