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Interleukin (IL)-25, amemberof the IL-17 family of cytokines,
is expressed in the brains of normal mice. However, the cellular
source of IL-25 and its function in the brain remain to be eluci-
dated. Here, we show that IL-25 plays an important role in pre-
venting infiltration of the inflammatory cells into the central
nervous system. Brain capillary endothelial cells (BCECs) ex-
press IL-25. However, it is down-regulated by inflammatory
cytokines, including tumor necrosis factor (TNF)-�, IL-17,
interferon-�, IL-1�, and IL-6 in vitro, and is also reduced in
active multiple sclerosis (MS) lesions and in the inflamed spinal
cord of experimental autoimmune encephalomyelitis, an animal
model of MS. Furthermore, IL-25 restores the reduced expres-
sion of tight junction proteins, occludin, junction adhesionmol-
ecule, and claudin-5, induced by TNF-� in BCECs and conse-
quently repairs TNF-�-induced blood-brain barrier (BBB)
permeability. IL-25 induces protein kinase C� (PKC�) phosphor-
ylation, and up-regulation of claudin-5 is suppressed by PKC�
inhibitor peptide in the IL-25-stimulated BCECs. These results
suggest that IL-25 is produced by BCECs and protects against
inflammatory cytokine-induced excessiveBBBcollapse through
a PKC�-dependent pathway. These novel functions of IL-25 in
maintaining BBB integrity may help us understand the patho-
physiology of inflammatory brain diseases such as MS.

Interleukin (IL)2-25, originally named IL-17E, is amember of
the IL-17 family of cytokines. IL-25 is produced by cells that are

associated with allergic immune responses, including activated
T helper type 2 (Th2) cells, mast cells, alveolar macrophages,
eosinophils, basophils, and lung epithelial cells (1–5). Unlike
other IL-17 family cytokines, including IL-17A and IL-17F,
IL-25 induces Th2 immune responses such as IL-4, IL-5, and
IL-13 production, blood eosinophilia, and IgE production
(2). IL-25-deficient mice are more susceptible to parasitic hel-
minthes such asTrichurismuris andNippostrongylus brasilien-
sis due to reducedTh2 cytokine production (6, 7). The enforced
expression of IL-25 in the lung enhances antigen-induced Th2
cytokine production and airway inflammation (8). Further-
more, transgenic overexpression of IL-25 leads to mucus pro-
duction and airway infiltration ofmacrophages and eosinophils
(1). Collectively, because IL-25 enhances allergic inflammation
by inducingTh2-type immune responses, previous studies have
focused on its biological role as a Th2 immune mediator.
Blood-brain barrier (BBB) disintegrity is commonly associ-

ated with synaptic and neuronal dysfunction in various disor-
ders, such as multiple sclerosis (MS), Alzheimer disease, Par-
kinson disease, and amyotrophic lateral sclerosis (9, 10). The
role of BBB disruption has been investigated in these neuronal
disorders, especially in MS and its animal model, experimental
autoimmune encephalomyelitis (EAE), in which BBB disrup-
tion is associated with an increased infiltration of autoreactive
inflammatory immune cells, resulting in tissue destruction and
neurological impairment (11). Disruption of tight junction (TJ)
molecules such as occludin, junctional adhesion molecule
(JAM), and claudin-5 by inflammatory cytokines, including
tumor necrosis factor (TNF)-�, interferon (IFN)-�, IL-1�, and
IL-17, is thought to contribute to the transmigration of inflam-
matory lymphocytes (12–17). For example, Fabry et al. (13)
showed that TNF-�, IFN-�, and IL-1� significantly up-re-
gulated leukocyte migration through the BBB by reducing
occludin. Afonso et al. (12) indicated that TNF-� and IL-1�
decreased occludin expression and increased endothelial cell
permeability and transcellular migration of T lymphocytes. In
addition, Förster et al. (14) demonstrated that TNF-� had an
inhibitory effect on occludin and claudin-5 expression in hu-
man brain capillary endothelial cells (BCECs). Consistent with
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these findings, TNF-deficient mice have delayed EAE onset
compared with wild-typemice, suggesting that TNF-� plays an
important role in inflammatory T cell infiltration into the cen-
tral nervous system (18). Recently, Th17 cytokines, IL-17 and
IL-22, were reported to down-regulate zonula occludens-1 and
occludin expression in human BCECs and to promote inflam-
matory T cell infiltration (15). Taken together, these results
suggest that inflammatory cytokines play a key role in enhanc-
ing BBB permeability in MS and EAE.
Interestingly, IL-25mRNA is also detected in thewhole brain

tissue of normal mice (19), despite the fact that the brain is a
fundamentally immunoprivileged site and is not correlated
with allergic inflammation.Moreover, it has been reported that
IL-25-deficient mice are highly susceptible to EAE because of
reduced IL-13 production (20). These findings suggest that
IL-25 plays an important role in the maintenance of the central
nervous system, especially in the development of MS or EAE.
Although IL-25-deficientmicewith EAEdie (20), thosewithout
immunization survive (21) even though they have an increased
number of Th17 in periphery. Thus, there may be some sup-
pressive mechanisms that require IL-25 to induce inflamma-
tion in the central nervous system.
Here, we show that IL-25 controls BBB disruption induced

by TNF-� in the BCEC line, MBEC4, and primary BCECs. A
permeability assay and transmigration assay confirm that IL-25
suppresses the TNF-�-induced increase in permeability and T
cell migration across the BBB. IL-25 increases TJ proteins,
occludin, JAM, and claudin-5, and restores the reduced expres-
sion of them, induced by TNF-� through a protein kinase C�
(PKC�)-mediated pathway. Additionally, RT-PCR and immu-
nohistochemistry indicate that the IL-25-expressing cells are
endothelial cells in the brain. Collectively, these results suggest
that IL-25 produced by BCECs protects from TNF-�-induced
excessive collapse of the BBB and inflammatory CD4� T cell
infiltration across the BBB in MS or EAE.

EXPERIMENTAL PROCEDURES

Reagents—Bisindolylmaleimide I, Gö6976, and PKC� inhibi-
tor peptide were all fromMerck. The following antibodies were
used: anti-mouse von Willebrand factor (vWF) (Millipore);
anti-mouse IL-17E and p-PKC� (Santa Cruz Biotechnology);
anti-mouse PKC� and phycoerythrin-conjugated anti-mouse
CD31 (BD Biosciences); anti-mouse occludin and claudin-5
(Invitrogen); anti-mouse JAM (R&DSystems); and anti-mouse
�-tubulin (Sigma). Recombinant mouse IL-17E, TNF-�, IL-17,
IFN-�, IL-1�, IL-6, transforming growth factor (TGF)-�, IL-4,
IL-10, and IFN-�were purchased fromR&DSystems. Lipopo-
lysaccharide (LPS) and endothelial cell growth supplement
were from Sigma.
Cell Cultures—All animal experiment protocols were ap-

proved by the Animal Experiment Committee of Nagoya Uni-
versity. All primary cell cultures were prepared from C57BL/6J
mice (Japan SLC).
Primary microglia were isolated from mixed glial cell cul-

tures prepared fromnewbornmice onday 14using the “shaking
off” method as described previously (22, 23). The purity of the
cultures was almost 100%, as determined by immunostaining
with anti-CD11b antibodies.

Astrocytes were prepared as described previously (24).
Briefly, mixed glial cell cultures were trypsinized after the
microglia were collected and replated in Petri dishes. Cul-
tures that had undergone two passages were used as astro-
cytes. The purity of the cultures was greater than 95% as
determined by immunostaining with anti-glial fibrillary
acidic protein antibodies.
Primary neurons were prepared from the neocortices of

embryonic day 17 embryos as described previously (25, 26). The
purity of the cultures was more than 95% as determined by
NeuN-specific immunostaining. Primarymeningeal fibroblasts
were prepared by mincing meninges of newborn mice after
removing the blood vessels and then cultured for 10 days before
each assay.
Primary BCECswere purified from adult mice as reported by

Ge et al. (27) and Ohtsuki et al. (28). In brief, the cerebrums
were homogenized and separated by a 16% dextran solution.
This homogenate was centrifuged, and the resulting pellet was
filtered through a 40-�m cell strainer. The microvessels re-
tained in the cell strainer were then digested in PBS containing
0.5 mg/ml Liberase Blendzyme Type I (Roche Applied Science)
and 120 units/ml DNase (Sigma) at 37 °C for 30 min. CD31-
positive cells were then sorted using themagnetic-activated cell
sorting (MACS) system. The purified cells were washed and
resuspended in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum, 10% horse serum, 50 �g/ml hepa-
rin, and endothelial cell growth supplement (Sigma) and then
plated onto tissue culture dishes coated with collagen (Roche
Applied Science). The purity was �98%, as determined by DiI-
labeled acetylated low density lipoprotein uptake.
The BCEC line,MBEC4 (a kind gift fromDr. T. Tsuruo) (29),

wasmaintained inDulbecco’smodified Eagle’smediumsupple-
mented with 10% fetal bovine serum and used as an established
BBB model.
RNA Isolation and Semi-quantitative RT-PCR—Total RNA

was extracted from all primary cells and SV40-transduced
human BCEC lines (established by T. Kanda, Yamaguchi Uni-
versity, Japan) using the RNeasy mini kit (Qiagen). After 0.2 �g
of total RNA was denatured for 5 min at 65 °C, the RT reaction
was performed as described previously (22).
Semi-quantitative PCR was performed using AmpliTaq�

DNA polymerase (Applied Biosystems) as reported previously
(24). Primer sets specific for mouse IL-25, mouse GAPDH,
human IL-25, and human GAPDH were as follows: mouse
IL-25 forward, 5�-ATGTACCAGGCTGTTGCATTCTTG,
and mouse IL-25 reverse, 5�-CTAAGCCATGACCCGGGGC-
CGCACACACAC; mouse GAPDH forward, 5�-ACTCACGG-
CAAATTCAACG, and mouse GAPDH reverse, 5�-CCCTGT-
TTGCTGTAGCCGTA; human IL-25 forward, 5�-CGACCC-
AGATTAGGTGAGGA, and human IL-25 reverse, 5�-TCC-
ATCTTCACTGGCCCTAC; and human GAPDH forward,
5�-GAGTCAACGGATTTGGTCGT, and Human GAPDH re-
verse, 5�-TTGATTTTGGAGGGATCTCG.
Real time RT-PCR was performed as described previously

(22). Primer sets specific for mouse IL-25 and mouse
GAPDH were as follows: mouse IL-25 forward, 5�-GGATG-
GCCCCCTCAA-CA, and mouse IL-25 reverse, 5�-CGATT-
CAAGTCCCGTCCAACT; mouse GAPDH forward, 5�-TGT-
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GTCCGTCGTGGATCTGA, and mouse GAPDH reverse,
5�-CCTGCTTCACCACCTTCTTGA.
EAE—Myelin oligodendrocyte glycoprotein (MOG)-induced

EAE was generated as described pre-
viously (30, 31). In brief, mice were
injected subcutaneously with 0.2 ml
of emulsion containing 200 �g of
MOG-(35–55) inPBS combinedwith
anequal volumeofcompleteFreund’s
adjuvant (CFA) containing 300 �g of
heat-killed Mycobacterium tubercu-
losisH37Ra. Mice were injected with
pertussis toxin intraperitoneally on
the day of immunization and 2 days
after immunization (200 ng/mouse).
EAE mice showed disease onset 14
days after immunization, which
peaked 18days post-immunization as
shown in supplemental Fig. 1.
For passive transfer, splenocytes

were harvested from C57BL/6 mice
12 days after immunization with
MOG and cultured in RPMI 1640
medium supplemented with 10%
fetal calf serum, L-glutamine, and
sodium pyruvate in the presence
of MOG-(35–55) for 4 days. Then
CD4� T cells were sorted using
CD4� microbeads (Miltenyi Biotec)
with �95%. Dead cells were re-
moved by Ficoll (GE Healthcare).
Cells were thenwashed and injected
intravenously into naive C57BL/6
mice (5 � 106 cells/mouse). Ani-
mals received 200 ng/mouse pertus-
sis toxin on day 0 and day 2 after
transfer. IL-25 was administered at
500 ng/mouse/day from day �2 to
day 14 every other day.
BBB Permeability and CD4� T

Cell Transmigration Assay—The
permeability of MBEC4 and pri-
mary BCEC monolayers was evalu-
ated using the permeability marker,
Evan’s blue albumin (EBA), as
described previously (32) and by
measuring transendothelial electri-
cal resistance (TER). Confluent mo-
nolayers of MBEC4 cells on the
Transwell inserts (3-�m pore size)
were incubated with or without 50
ng/ml TNF-� and 50 ng/ml IL-25
for 24 h. The monolayers were then
washed with assay buffer (118 mM

NaCl, 4.7mMKCl, 1.3mMCaCl2, 1.2
mM MgCl2, 1.0 mM NaH2PO4, 25
mM NaHCO3, and 11 mM D-glucose
(pH 7.4)). This buffer (1 ml) was

added to the outside of the insert (the abluminal side). Assay
buffer containing 4% bovine serum albumin (Sigma) mixed
with 0.67 mg/ml Evan’s blue dye (Sigma) was loaded on the
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luminal side of the insert for 1 h. The concentration of EBA in
the abluminal chamber was determined by measuring the
absorbance of aliquots at 630 nm with a microplate reader.
Clearance was calculated as follows: volume (�l) � VA �
[C]A/[C]L, whereVA is the volume of the abluminal side, [C]A is
the concentration of EBA on the abluminal side, and [C]L is the
concentration of EBA on the luminal side.
TER was measured using aMillicell�-ERS (Millipore). Resis-

tances of blank filters were subtracted from those of filters with
cells before final resistances (�/cm2) were calculated.

To assess CD4� T cell transmigration, we sorted CD4� T
cells from the spleens of EAE mice using the MACS system.
After 500�l of RPMI 1640medium containing 10% fetal bovine
serum, 2 mM L-glutamine, and 1 mM sodium pyruvate was
added to the abluminal side, sorted CD4� T cells were then
loaded onto the luminal side and incubated for 24 h at 37 °C, 5%
CO2. Following migration, 50 �l of 0.5 M EDTA was added to
the abluminal side, and the plateswere placed on a shaker for 15
min to mobilize cells. Cells in the abluminal side were then
harvested and counted by flow cytometry (Cytomics FC500,
Beckman Coulter).
Western Blotting—Cells were lysed in TNES buffer (50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 2 mM

EDTA, and 0.1% SDS) with a protease inhibitormixture (Roche
Applied Science) and a phosphatase inhibitor mixture (Sigma).
Thirty �g of protein from the total lysate was examined by
Western blotting as described previously (31).
Immunocytochemistry—Primary BCECs were plated onto

collagen-coated Aclar� fluoroplastic coverslips (Honeywell
International). After fixing with 2% paraformaldehyde for 10
min, cells were incubated with rabbit anti-mouse vWF and
then visualized by Alexa 488-conjugated anti-rabbit IgG
(Invitrogen) as described previously (22). Cells were exam-
ined with a deconvolution fluorescence microscope system
(BZ-8000, Keyence).
Immunohistochemistry—Frozen brain and spinal cord sec-

tions from normal mice were fixed with 4% paraformaldehyde
and stained for IL-17E and vWF followed by Alexa 488-conju-
gated anti-goat IgG and Alexa 568-conjugated anti-rabbit IgG
as described previously (25, 26). The stained sections were
examined with a deconvolution fluorescence microscope sys-
tem (BZ-8000, Keyence) and analyzed by Dynamic Cell Count
image analysis program (Keyence).
For neuropathologic examination of MS patients, sections

from paraffin-embedded blocks of the cerebrum were stained
with hematoxylin and eosin and subjected to IL-25 immuno-
staining with the labeled StreptAvidin-Biotin method. In brief,
sections from paraffin-embedded blocks of the cerebrum from
threeMS patients (46 years old, female with a 3-year history; 54

years old, femalewith a 24-year history; and 71 years old, female
with a 1-month history) were stained with hematoxylin and
eosin and subjected to IL-25 immunostaining. Eight-micro-
meter-thick sections were placed on silanized slides (Dako,
Glostrup, Denmark). Immunohistochemistry for IL-25 was
performed with monoclonal antibody against mouse IL-17E
(dilution, 1:100; Santa Cruz Biotechnology) and the labeled
StreptAvidin-Biotin method. After deparaffinization, nonspe-
cific endogenous peroxidase activity was blocked by pretreat-
mentwith 3%H2O2 for 5min. For antigen retrieval, the sections
were treated at 100 °C for 30 min in beakers filled with 10 mM

citrate buffer. After the temperature had decreased to 60 °C
slowly over 1 h, the sections were removed. After a wash in PBS,
Fc receptors were blocked with 10% normal nonimmune goat
serum (Dako) for 30 min at room temperature prior to incuba-
tion with IL-25 antibody. Sections were treated with anti-IL-25
monoclonal antibody for 2 h at room temperature and washed
in PBS. Sectionswere then incubated at room temperaturewith
biotin-conjugated anti-goat IgG for 20 min and washed in PBS,
followed by incubation at room temperature with streptavidin-
horseradish peroxidase for 20min. Immunoreactivity was visu-
alized with 3,3�-diaminobenzidine/peroxidase (Wako). IL-25-
positive endothelial cells were enumerated in both active MS
lesions identified as demyelinated area with cellular infiltration
and without these findings (intact area) in hematoxylin and
eosin.
Statistical Analysis—Differences between the means of

experimental groups were analyzed using the two-tailed Stu-
dent’s t test with Welch’s correction.

RESULTS

IL-25 Is Expressed in BCECs—We confirmed that IL-25
mRNA was expressed in whole brain tissue (Fig. 1A). We then
identified which cells express IL-25 mRNA using mouse pri-
mary cells derived from the brain. Mixed glial cell cultures that
had been cultured for 9 days (including oligodendrocyte pre-
cursors) and 11 days (including oligodendrocytes), neurons,
fibroblasts, astrocytes, and microglia, did not express IL-25
mRNA (Fig. 1A). Although lung macrophages reportedly
express IL-25,microglia did not express IL-25mRNAeven after
stimulation with LPS, IFN-�, TNF-�, IL-6, TGF-�, IL-4, or
IFN-� (supplemental Fig. 2). However, mouse BCECs ex-
pressed IL-25 mRNA. Human BCECs also expressed IL-25
mRNA (Fig. 1A). Immunohistochemistry revealed that IL-25-
positive cells in the brain were also vWF-positive, indicating
that the IL-25-expressing cells were BCECs (Fig. 1B). IL-25-
expressing endothelial cells were clearly observed in the lumbar
spinal cord of normal mice and mice before the onset of EAE
(12 days after immunization withMOG/CFA) (Fig. 1,C andD).

FIGURE 1. IL-25 is expressed in BCECs. A, total RNA was extracted from the whole brain, primary cells, including mixed glial cells cultured for 9 and 11 days
(MGC 9d and MGC 11d), neurons, astrocytes, microglia, mouse BCECs, and human BCEC lines. IL-25 and GAPDH mRNA expression was analyzed by RT-PCR.
B, frozen brain sections were prepared from normal mice. After fixing with 4% paraformaldehyde, sections were stained against IL-25 (green) and vWF (red).
Scale bar, 100 �m. C, frozen sections of the lumbar spinal cord were prepared from mice on the day of MOG/CFA immunization, 12 days (before the onset of
EAE), 18 days (after the development of EAE), and 25 days (recovery phase of EAE) after immunization. Arrows show IL-25-expressing endothelial cells. Scale bar,
100 �m. D, results of C were quantified and graphed as the percentage of IL-25-expressing endothelial cells of total endothelial cells. E, MBEC4 cells were
treated with or without TNF-� (50 ng/ml), IL-17 (50 ng/ml), IFN-� (5 ng/ml), IL-1� (20 ng/ml), IL-6 (30 ng/ml), IL-4 (20 ng/ml), TGF-� (5 ng/ml), and IL-10 (20 ng/ml)
for 24 h. Following RNA extraction, IL-25 mRNA expression was assessed by real time RT-PCR. The expression levels in untreated cells were set to 1. Data are
represented as the means � S.E. *, p 	 0.05; n � 3. NT, not treated.
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These cells were markedly reduced
after the development of EAE (18
days after immunization), but IL-25
expression significantly increased in
the EAE recovery phase (25 days
after immunization) (Fig. 1, C and
D). IL-25 administration amelio-
rated EAE induced by passive trans-
fer of MOG-reactive CD4� T cells
(supplemental Fig. 3).
To further explore whether

inflammatory cytokines down-reg-
ulated IL-25 expression in BCECs,
we assessed IL-25 mRNA expres-
sion by real time RT-PCR in the
BCEC line, MBEC4. Although
TNF-�, IL-17, IFN-�, IL-1�, and
IL-6 reduced IL-25 mRNA expres-
sion in MBEC4 cells, TGF-� and
IL-10 increased it (Fig. 1E). In addi-
tion, a decrease of IL-25 expression
in BCECs was also observed in the
active MS lesion (Fig. 2, A–F). The
number of IL-25-expressing endo-
thelial cells in the severe MS lesion
was significantly less than in the
normal appearingwhitematter (Fig.
2G). Thus, these results suggest that
IL-25 is expressed by BCECs and
may play a novel role inmaintaining
BBB function to block inflammatory
cell infiltration into the central
nervous system.
IL-25 Prevents TNF-�-induced

Permeability of the BBB—To con-
firm whether IL-25 rescues TNF-�-
disrupted BBB functions, we per-
formed a permeability assay and
CD4� T cell transmigration assay
by measuring the levels of EBA,
TER, and the number of transmi-
grated CD4� T cells through con-
fluent layers ofMBEC4 cells. TNF-�
increased the permeability of EBA
and the transmigration of CD4� T
cells and decreased TER. Adding
IL-25 to TNF-�-stimulated BCECs
significantly reduced EBA levels on
the abluminal side of the well (the
outside of the insert) and up-regu-
lated the electrical resistance of
BCECs compared with cells treated
with TNF-� alone (Fig. 3, A and B).
Moreover, the addition of IL-25
significantly decreased TNF-�-in-
duced CD4� T cell transmigration
across the BBB (Fig. 3C). Although
IL-25 alone did not significantly

FIGURE 2. IL-25 expression is also down-regulated in active MS lesion. Human IL-25 expression was exam-
ined in the brain sections of active MS with marked inflammation and chronic MS with hypocellular fibrotic
lesion and/or well demarcated edge (arrow, brown). We enumerated IL-25-expressing BCECs in normal appear-
ing white matter without accompanying cell infiltration (A–C) and in active MS lesions (D–F). G, results are
expressed graphically as the number of IL-25-expressing endothelial cells per 100 endothelial cells. Data are
represented as the means � S.E. *, p 	 0.05.
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change the levels of EBA and TER (Fig. 3, A and B), it signifi-
cantly suppressed the number of transmigrated CD4� T cells
on the abluminal side compared with the unstimulated control
(Fig. 3C). In addition, BCECs expressed the IL-25 receptor, and
TNF-� did not change the expression levels (supplemental Fig.
4). These results further support the notion that IL-25 prevents
the disturbance of BBB permeability.

IL-25Blocks the Impaired Expression of TJ Proteins Caused by
TNF-� in BCECs—Many reports indicate that TNF-� down-
regulates TJ protein expression in human and mouse BCECs
(12–14). To elucidate whether IL-25 affects this reduction in TJ
protein expression by TNF-�, we assessed the effect of IL-25 on
the expression of occludin, JAM, and claudin-5. IL-25 signifi-
cantly increased their expression levels in a dose-dependent

manner (Fig. 4, A and B). Among
these proteins, claudin-5 expression
was most strongly enhanced by
IL-25. Furthermore, IL-25 dose-de-
pendently reversed the TNF-�-in-
duced down-regulation of occludin,
JAM, and claudin-5 protein levels
(Fig. 4, C and D). IL-25 restored the
TNF-�-induced decrease of occlu-
din expressionmore effectively than
any other molecules that have been
reported as stabilizers of BBB such
as IFN-�, TGF-�, dexamethasone,
angiotensin II, and simvastatin
(supplemental Fig. 5). IL-25 more
effectively restored the TNF-�-in-
duced reduction of JAM and clau-
din-5 proteins as the restoration of
occludin (data not shown).
To further clarify whether IL-25

has the same effect on primary
BCECs, these cells were purified

FIGURE 3. IL-25 suppresses TNF-�-induced permeability in MBEC4 cells. MBEC4 cells were treated with
TNF-� alone (50 ng/ml), IL-25 alone (50 ng/ml), or both TNF-� and IL-25 for 24 h. A, EBA was loaded onto the
luminal side of the insert for 1 h, and then the EBA levels on the abluminal side were analyzed. B, TER was
measured using an electrical resistance system. C, CD4� T cells were loaded onto the luminal side for 24 h.
CD4� T cell numbers on the abluminal side were then analyzed by flow cytometry. Data are represented as the
means � S.E. *, p 	 0.05; n � 4. NT, not treated.

FIGURE 4. IL-25 up-regulates the expression of TJ proteins, occludin, JAM, and claudin-5. MBEC4 cells were incubated with or without graded doses of
IL-25 alone (A) or with or without graded doses of IL-25 plus TNF-� (C) for 24 h. The expression of occludin, JAM, and claudin-5 in whole cell lysates was analyzed
by Western blotting. The results of A and C are expressed graphically in B and D, respectively. The expression levels in untreated cells were set to 1. Data are
represented as the means � S.E. *, p 	 0.05; n � 4. NT, not treated.
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usingMACS system. The final purity of the primary BCECswas
approximately �90%, as determined by morphology, vWF
staining, and low density lipoprotein uptake (supplemental Fig.
6, A–C). As found in MBEC4 cells, IL-25 increased the expres-
sion of occludin, JAM, and claudin-5 in purified primaryBCECs
and reversed the TNF-�-induced decrease in their expression
levels (supplemental Fig. 6, D and E). Collectively, these results
suggest that IL-25 blocks TNF-�-induced disruption of BBB
function by up-regulating the expression of occludin, JAM, and
claudin-5 in MBEC4 cells and primary BCECs.
Induction of Claudin-5 by IL-25 Occurs through a PKC�-de-

pendent Pathway—PKC isozymes are reported to be involved
in TJ assembly (33).Moreover, BCECs specifically express clau-
din-5 in large amounts, suggesting that claudin-5 may be asso-
ciated with BBB formation (34). Thus, to elucidate the IL-25
signaling pathways that augment TJ protein expression, we
performed the inhibitory assay using bisindolylmaleimide I
(Gö6850) (an inhibitor of PKC�, -�I, -�, and -�) andGö6976 (an
inhibitor of PKC�, -�I, and -�). Bisindolylmaleimide I inhibited

IL-25-induced claudin-5 expression in a dose-dependent man-
ner, although Gö6976 had no effect, suggesting that IL-25-in-
duced claudin-5 expression was mediated through PKC� or -�
(Fig. 5, A and B, and summarized in supplemental Table 1).
PKC� inhibitor peptide also dose-dependently suppressed
IL-25-induced claudin-5 expression (Fig. 5C). In addition,
PKC� inhibitor peptide significantly reduced the ability of IL-25
to reverse TNF-�-up-regulated permeability of EBA (Fig. 5D).
In fact, stimulation with IL-25 strongly induced PKC� phos-
phorylation (p-PKC�) at 15 min (Fig. 6). Collectively, these
results suggest that IL-25 rescues TNF-�-induced disruption of
the BBB through a PKC�-dependent pathway.

DISCUSSION

IL-25 is known to induce Th2 responses and to be produced
by cells related to allergic responses such as Th2 cells, mast
cells, and lung macrophages stimulated with anti-CD3/CD28,
IgE, and allergens (1, 3, 4). These findings suggest that IL-25 is
an inflammatory mediator during Th2-mediated inflamma-
tion. On the other hand, a previous study indicated that IL-25
mRNA was expressed in the whole brain tissue of normal mice
(19), indicating that IL-25 also plays a distinct role in the central
nervous system. Consistent with this hypothesis, in this study
we revealed that IL-25 protected excessive disruption of the
BBB, resulting in decreased inflammatory T cell infiltration.
Kleinschek et al. (20) showed that IL-25-deficient mice immu-
nized with MOG peptide/CFA had increased inflammatory T
cell infiltration and a high mortality rate. These findings sup-
port our results that IL-25 reverses excessive BBB disruption
and inflammatory T cell infiltration. Although Kleinschek et al.
(20) also showed that IL-25 was produced by microglia, we
found that unstimulated microglia did not express IL-25
mRNA. Additionally, we found that microglia did not express
IL-25 mRNA even when stimulated with LPS, IFN-�, IL-17,
TNF-�, IL-6, IL-4, or IFN-� in vitro (supplemental Fig. 2). We
also previously reported thatmicroglia did not produce theTh2

FIGURE 5. Claudin-5 induction by IL-25 is mediated by PKC�. A–C, MBEC4 cells were treated with IL-25 (50 ng/ml) for 24 h following pretreatment with
graded doses of Gö6976 (A), bisindolylmaleimide I (Gö6850) (B), and PKC� inhibitor peptide (C). Claudin-5 expression in whole cell lysates was analyzed
by Western blotting. D, MBEC4 cells were pretreated with PKC� inhibitor peptide (200 �M) and then stimulated with TNF-� (50 ng/ml) and IL-25 (50
ng/ml) or IL-25 alone for 24 h. EBA was then loaded onto the luminal side of the insert for 1 h, and the levels of EBA on the abluminal side were analyzed.
Data are represented as the means � S.E. *, p 	 0.05; n � 4.

FIGURE 6. IL-25 induces PKC� phosphorylation. MBEC4 cells were incu-
bated with IL-25 (50 ng/ml) for 0 –120 min. p-PKC� and PKC� expression levels
were analyzed by Western blotting. Data are represented as the means � S.E.
*, p 	 0.05; n � 4.
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cytokine, IL-4 (35). Microglia produced IL-5 at low levels, just
above the detection limit (� 5 pg/ml) (36). Thus, microglia
probably do not favor Th2 cytokine production, especially
under normal conditions. Our results do not exclude the pos-
sibility that other factors induce IL-25 inmicroglia. However, at
least in normal mouse brain, IL-25 mRNA is expressed in
BCECs. Accordingly, BCECs are able to regulate their own per-
meability via producing IL-25. Additionally, Kleinschek et al.
(20) showed that IL-25 suppressed EAE through inducing pro-
duction of IL-13 but not IL-4 (20). However, they also showed
that IL-13-deficient mice immunized with MOG peptide/CFA
survived, although all IL-25-deficient mice immunized died.
This implies that IL-25 suppresses EAE not only through an
IL-13-mediated pathway but also via another mechanism. It is
possible that IL-25 suppresses EAE by ameliorating the disrup-
tion of BBB permeability.
Although in this study we showed that IL-25 augments BBB

properties, other molecules have also been reported to increase
TJ protein expression. TGF-�1 enhances BBB functions in
MBEC4 cells (37). Human brainmicrovascular endothelial cells
pretreated with IFN-�, an approved drug for the treatment of
MS, decrease Th1 cell migration and suppress increased para-
cellular permeability of small molecules such as [3H]inulin and
[14C]sucrose (38). Angiotensin II, which controls cerebral
blood flow, memory retention, and neuronal regeneration,
restricts the passage of molecular tracers across the BBB and is
required for BBB maintenance (39). Glucocorticoid up-regu-
lates occludin and claudin-5 expression and increases barrier
properties (40). Statins, simvastatin and lovastatin, which are
3-hydroxy-3-methylglutaryl-CoA reductase inhibitors and
have an anti-inflammatory effect, reduce human BBB perme-
ability (41). All of these molecules were reported previously to
have a suppressive effect againstMS or EAE orwere established
as effective drugs for treating these diseases. As IL-25 report-
edly has a suppressive effect on EAE (20), and BBB disruption is
critical in the development of the disease, these also support our
findings that IL-25 restores disrupted BBB permeability. More-
over, IL-25 blocks theTNF-�-induced permeabilitymore effec-
tively than any other molecules by restoring the TNF-�-in-
duced decrease of TJ protein expression (supplemental Fig. 5).

PKC signaling has been shown to affect endothelial barriers.
PKC includes 12 isozymes that are classified into three subtypes
by differences in their mechanisms of action: conventional (�,
�I, �II, and �), novel (�, �, �, �, and �), and atypical (	, 
, and �).
Rat primary BCECs reportedly express PKC�, -�, -�, -�, and -�
isozymes (42). Some of these PKC isozymes appear to be asso-
ciated with TJ assembly or openings in the BBB (33). Hypoxia/
aglycemia-mediated permeability augmentation was inhibited
by a conventional PKC inhibitor, Gö6976, suggesting that
PKC� or -� signalingmay enhance TJ opening (43). Alterations
in permeability induced by chemokinemonocyte chemoattrac-
tant protein-1 (MCP-1)/CCL2 were also mediated by PKC�
(44). Furthermore, inhibiting PKC� protects against hyperten-
sive encephalopathy by preventing a breakdown of the BBB in
rats (45), suggesting that PKC� signaling may lead to BBB dis-
ruption. Moreover, it is reported that PKC� is up-regulated
following hypoxia, which increases BBB paracellular perme-
ability, suggesting that PKC� may also be involved in BBB dis-

ruption (46). Collectively, many of the PKC isozymes are
reported to be associated with increased BBB permeability.
However, to our knowledge, the role of PKC� in BBB mainte-
nance has not been previously reported. In this study, we dem-
onstrated for the first time that the activation of PKC� up-reg-
ulated claudin-5 and protected the BBB from TNF-�-induced
disruption. In Caco-2 cells, a human colorectal carcinoma, epi-
dermal growth factor-mediated activation of PKC� reportedly
protects TJs from acetaldehyde (47), which support our find-
ings in this study.
The content of the TJ proteins in the tissue or isolated BBB

endothelial cells reportedly correlates well with barrier proper-
ties (48–51). The high TJ protein levels may account for the
maintenance and protection of the BBB integrity. In this study,
we showed that IL-25 increased the expression levels of occlu-
din, JAM, and claudin-5 through PKC�-dependent signaling.
Several pathways are reported as downstream of PKC�-de-
pendent signaling. For example,Weiler et al. (52) demonstrated
that PKC activation leads to the increased expression of occlu-
din through MEK1/MEK2 signaling. On the other hand, phos-
phorylation and redistribution of tight junction proteins are
reportedly required for the barrier function. Suzuki et al. (47)
showed that PKC� enhanced epidermal growth factor-medi-
ated redistribution and induction of occludin inCaco-2 cells. In
addition, Yoo et al. (53) revealed that PKC�-dependent signal-
ing pathway led to phosphorylation of occludin in T84 epithe-
lia. These suggest that IL-25 protects BBB function via up-reg-
ulation and probably direct phosphorylation of tight junction
proteins through PKC�-mediated pathway. In conclusion, our
results suggest that IL-25 produced by BCECs protects from
TNF-�-induced excessive collapse of the BBB and inflamma-
tory T cell infiltration across the BBB through a PKC�-depend-
ent pathway in MS or EAE.
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