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FIG 1. A; STAT6 iy required for IE-4d-induced: expression of PMCH in. HMVEC-LBL siRNA for STATS or
nontargeting control sIRNA was transfected into HMVEC-LBL The transfected cells were further grown for
48 hours and then stimulated with TNF-o, [L-4, or 3 combination of TNF-« and 1L-4 for 24 hours. Data are
shown as the'means :t S0s of triplicate and are rep ive of 3 sef experi *P< 05
vs nontargeting siRNA; Mann-Whitney Utest. 8, MCH is characteristically expressed in vascular endothelial
cells in response 10 1L-4 stimulation:. Cells were treated with 10 ng/mi L4 for the indicated periods: The
mRNA lavels {outer graph} and the peptide levels {inner graph} are shown. Data sre shown as the means
+ SDs of tripli ples and: are rep! ive of at least 3 separate experiments, BSMC, Bronchial
smooth muscle cells; HUVEC, human umbilical. vein: endothelial cells;: NHBE, normal human bronchial
epithelial celis; NHLF, normal human fung fibroblasts.
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FAG 2. Mice were intraparitoneally injected with 10 pg ovalbumin (OVA;
Sigma; St-Louis;, Mo, grade V} in phosphate bufféred saline (PRS) svery
other day for a totsl of 7 times. Two weeks after the last OVA sensitization;
the mice wereintranasally challenged with 200 ig OVA in PBS {BALB/G, n=
§; and STATS7, n = 6} or PBS alone (BALB/, n = 3; STATE . n = d) svery
3 days for a total of 3 times. The animals were sacrificed 24 hours after the
fast chatlenge: Total RNA inthe lung was extracted with ISOGEN {Nippon
Gene, Tokyo, Japen) Quantitative real-time PCR for mouse PMCH was per-
formed as described in the text for human PMCH procedures except for
replacing the - antisense  primer: with  the mouse ' PMCH sequence
5-TTGCCAACATGGTCGGTAGA-3'). Data are shown as means = SEMs.
P values were obtained by the Mann-Whitney U test *P < .05:{P = .08;
BALB/c-PBS vs BALB/c-OVAL

control siRNA (QIAGEN)-at: 100 nmol/L. was ransfected into
HMVEC-LBI! by using HiPerFect transfection reagent (GIAGEN)
following the manufacturer’s mstructions. The transfected cells
were further grown for 48 hours and then stimulated with TNF-
o, 1E-4 or a combination of TNF-o and -4 for 24 hours, The ef-
ficiency of mRNA depletion was more than 70% compared with
the Tevel of STAT6 transcrps in nontargeting siIRNA-transfected
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cells, which was confirmed by real-time PCR (Fig 1, A, right
graphy:sense. 8 -TCTOGACCGGCTGATCATTGG 3 tntisense,
S CCAATCTCTGAGTCGCTGAAGC-3' ). Transfection - of
STAT6 siRNA significantly reduced the [L-4~dependent upregn-
lation: of PMCH, suggesting that STATS is required for [L-4-
induced expression of PMCH in HMVEC-LBL

1113 is anothier Ty 2 cytokine that plays a prominent role in the
pathogenesis of allergic inflammation. TE-13 and IE-4 share many
functional properties, stemming from the fact: that they shire a
common recepior subunit, ihe o subunit of ihe 1L-4 receplor
STAT6 1s also activated by 1L-13 via 14 receptor o, and we
found that IL-13 also polently induced PMCH expression during
24 hiours of culture to a similar degree with eguivalent concentra-
tions of IL-4 (see this article’s Fig Ef in the Online Repository at
www.jacionline.org). IFN-v. a Tyl cytoking, antagonizes many
of the physiological responses mediated by 1L-4/13, and this an-
tagonism largely occurs at the level of transcnption: As shown in
Fig EI, IFN-y significantly inhibited IL-4/13-induced expression
of PMCH mRNA in: HMVEC-LBI in a dose-dependent manner.

We next investigated whether lL-4-induced expression of
PMCH mRNA is observed in other human airway siructiral
cells, such as normal human bronchial epithelial ¢ells, bron-
chial smooth muscle cells, and normal human lung fibroblasts,
We found: that upregulation of PMCH mRNA in response ©
IL~4 was specifically seen in HMVEC-L.BI vells for a8 long as
4 days of culture (Fig 1, B, onrer graphy. These results suggest
that PMCH expression is specific to vascular endothefial cells.
Ih--induced expression of  PMCH was also. seen in other
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human endothelial cells, human umbilical vein endothelial
cells (Fig 1. B, muter graph), and human coronary artery endo-
thelial cells (data not shown). Next, using an MCH enzyme
immunoassay kit (Phoenix, Burlingame, Calify. we further con-
firmed the accumulation of MCH peptide in the culwire super-
natants of vascular endothelial cells in response to [L-4 (Fig 1,
8. inner yraph), but never in the culture supernatants of 1L-4-
stimulated normal human bronchial epitheliad cells, bronchial
smooth muscle cetls, or normal human lung fibroblasts (data
not shown).

The current study reveals that human vascular endothelial cells
are capable of producing an appetite-stimulating peptide, MCH,
in response to ‘T2 eytokines, The production of MCH is fran-
seriptionally regufuted vin STAT6 (Fig 1, A). Recently, Sundig
el al* demonstrated that human T2 cells, but not Tyl cells, selec-
tively produce MCH. Collectively. these findings support 4 novel
hypothesis that MCH is a eritical factor in the physiological inter-
actions betwéen allergic inflanunation and obesity, The MCH sys-
tem appears o be' important for the regulation of stress and
anxiety-related responses, ! leading 68 o hypothesize that MCH
may also be involved in the physiofogical interactions between
allergic inflammation and depression.

Obesity and asthima may be dependent on shared genetic
mecliaisns, PMCH is Tocated on. chromosome  12q23-q24°
Chiromosome 12q:is one of the most frequently. identified: ge-
nomic regions linked (o asthma and atopy.® Of tiote, this region
also contains JFN-v and STATS, which are involved in the regula-
tion of PMCH expression (Fig 1. A end B). In support of that con-
cept of shared genetic mechanisms, interestingly, we also found
that: PMCH mRNA expression: was: increased. in: the lungs of
BALB/cA-wild-type  (Clea, Tokyo, Japan}, but.not; STAT-
6-deficient, mice after ovalbumin challenge during ovalbumin-
mduced airway nfammation’ (Fig 2), which is considered to
be an asthma mode! in rodents; suggesting that STAT-6-depen-
dent PMCH expression may contribute to the pathogenesis of
asthma fn mice. These facts further support the physiologicat
relevance of MCH 1o allergy and asthma.

Appetite is tlosely regulated by complex-interactions between
orexigenic and antiorexigenic factors. originating in both the
hypothalamus and the periphery. Unlike such orexigenic factors
as netropeptide Y; orexin: and agouti-related peptide; MCH and
its receptor, MCH receptor 1, are the onty molecules whose ge-
fietic ablation in mice results in obvivusly lean phenotypes, indi-
cating that the MCH system is indispensable for energy balance
and food intake in mammuals. Numerous peripheral signals relat-
ing (o energy metabolism are transmitted 1o the central nervous
system via the circulation or afferent fiber sympathetic nerves,
One important system is the vagus afferent neurons, in which
both MCH and MCH receptor 1 were recently identified.” Both
are negatively regulated by cholecystokinin, which suggests the
periphéral MCH siemal 1s involved in the uppetite cantrol system.
"Faken together with-our findings, MCH produced in the vascular
etidothelium in response to T2 cytokines might be responsible
for obesity in patiénts with asthma.

1t would beof great interest toinvestigale the differences in the
serum levels of MCH between patients with asthma and normal
confrols. Although it was reported that serum MCH levels were
positively. associated with the body. mass index and fat mass,
problems - of - spacificity. havé: ‘also “been. réported  in - the
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measurement of serum MCH.® Therefore, it is necessary to de-
velop a precise determination method for the serum MCH level.
However, we anticipate that future studies will demonstrate
MCH to be a key molecule in the molecular mechanisms that
tink aflergic inflammation and obesity or depression, all of which
are currently important public health issues.

We thank Dr Masato Kubo (Laboratory for Signal Network, RIKEN
Research Center for Allergy dnd Immunology) for providing STAT6-deficient
mice. We also thank Dr Keisuke Oboki (National Research Institute for Child
Health and Development} for his valuable discussions and Shuhei Fukuda,
Noriko Hashimoto, Hiromi Wakita, Michiko Yamada, and Akane Naksmura
(National Research Bistiture for Child Health and Deselopment) for theit ex-
ceffent téchunical assistance.
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Caspase-1, Caspase-8, and Calpain Are Dispensable for IL-33

Release by Macrophages'

Tatsukuni Ohno,* Keisuke Oboki,* Naoki Kajiwara,*" Eiichi Morii,” Katsuyuki Aozasa,”

Richard A. Flavell,”

* Ko Okumura,® Hirohisa Saito,’

2.8

-:?:§ﬂ

and Susumu Nakae

In addition to IL-1 and 1L-18, IL-33 was reécently identified as a member of the IL-1 eytokine family. rIL-3¥ can promote
production of Th2-type cytokines by Th2 cells and mast cells in vitro. Administration of rIL-33 to mice results in increases in IgE
secretion and eosinophilic inflammation. However, the precise immune celi source of 1L-33 remuing unclear, Moreover, although
recombinant pro-1L-33 is cleaved by recombinant caspase-1 in vitro. as are pro-IL- 1 and pro-IL-18, the involvement of caspuse-1
in pro-I1-33 cleavage remains controversial. In this study, we show that mouse peritoneal macrophages, but not splenic dendritic
cells, produced IL-33 upon stimulation with LPS. Likewise, mouse hone marrow cell-derived cultured mast cells also produced a
small, but significant amount of IL-33 via FeeR1 eross-linking. but not inn response to stimulation with LPS, To our surprise, IL-33

release. was found even- in caspase-1-deficient,

caspase-8 iphibitor-treated. and: calpain inhibifor-fredted muacrophages. These

observations suggest that easpase-1-, caspase-8-, und calpain-independent IL-33 production by macrophages and/or mast cells may

contribute to the pathogenesis of Th2-type allergic inflammation.

nferleukin-33 {(also called 1L-1F11 (1), DVS27 (2. or nuclear
factor from: high-endothelial venule (3)) is o memberof the
IE~] family of cytokines that includes 1218 and IL-18 (1}
DVS27 and nuclear factor from high endothelial venule were, re-
spectively, identified as an up-regulated gene in vasospastic cére-
bral ‘arteries’ after subarachnoid hemorthage (2) and as a NF ex-
pressed in endothelial cells (3). Then 11.-33 was identified as a
ligand: for ST2 (also called T1, DER-4, Fit-1, or 1L-1R4 (1. 4)):
which s preferentially expressed in Th2: cells (5) and mast cells
(6y. High levels of constitutive IL-33° mRNA expression: were
found In various murine tissues, such as the stomach, lung, spinal
cord; brain; and skin (I}, In humans,; smooth muscle cells and
epithelial cells constitutively express: IL-33 mRNA. Moreover,
33 mRNA expression was up-regulated in human fibroblasts
and keratinocytes by stimulation with TNF and {L-18 (1}
IL-33 can promote Th2 cell and mast cell activation. leading o
such: functions as Thl-type cytokine sccretion: or chemotaxis ¢1,
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7-113.1L-33 coniributes to. Th2:-associated  host defense against
nematode infection (123 1L.-33 administration results in IL-13-me-
diated eosinophilic inflammation in the got and lung of mice (1).
Moreover, inhibition of 1L-33 by soluble IL:33R "leads to attenu-
ation of murine asthma models {13), In contrast; IL-33 ameliorates
Thi-associated amtoimmune-like atherosclerosis (14), Thus; 1133
is considered to be involved in Th2-type immune responses and to
suppress Thi-type responses, Based on these findings, it is clear
that [L-33 contributes to the immune responses by acting as a
proinflammatory cytokine. It is unclear what kinds of immune cell
types can release 1L-33 protein, although LPS-stimulated bone
marrow cell-derived macrophages and resting bone: marrow. celi
derived” dendritic: cells (DCs)Y were reported 1o express. 11233
mRNA(1). In a preliminary experiment, we examined the expres-
sion of IL-33 mRNA in various immunc cells and detected it in
activated muast cells as well as activated macrophages and DCs.
Simiilar to 1L-18 and 1L-18, 1L-33 s considered to be produced
intracellularly as pro-[L-33, which does not contain a signal pep:
tide sequence for secretion, and then released extracellularly as
mature IL-33 after cleavage (1), Caspase-1 and/or caspase-§ is
required for the cleavage of pro-1L-18 andfor pro-IL 18 (15, 163,
whereas cafpain is important for the cleavage of pro-IL-Ta (16=
18). Although recombinant pro-1L-33 js cleaved by recombinant
caspase=1.in vitro (1), the in vivo role of caspase-1 in the cleavage
of pro-1L-33 remains: controversial (19). In this study. we show
that . LPS-stimulated - mouse  petitoneal macrophages, - but  not
splenic DCs. and IgE/Ag-stimulated bone masrow cell-derived cuk:
tured mast cells (BMCMCs) produced 11433, and that caspase-1,
caspase-8, and calpain were dispensable for 1133 release:
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Materials and Methods

Mice

BALB/AA mice (CLEA Japan) and BALB/-caspase-1™"" mice (20) were
housed under specific: pathogen-froe conditions. inpur insti (National
Research Institute for Child Health and Development), and the animal pro-
tocoly” were ‘approved’ by the Institutional’ Review Board of ‘the National
Research Institute for Child Health and Development.

Cells

For purification of CD4” T cells; mouse spleen and inguinal, axillary,
brachial, and submaxillary lymph. nodes were harvested and pooled. The
pooled cells were incubated with biotinylated anti-mouse B220 (RA3-
6B2), CD8 (53-6.7), CD11b (M1/70),. CBlYlc {HL3}, CD25 (PCGLS),
CD49b {DX5), CD119 (c-kir, 2B8), FeeRla (MAR-1), Gr-1 (RB6-8C3),
Ter''?, and ¥8TCR (GL3} mAbs at 4°C for 20 min. These Abs were ob-
tained from eBiosciences and BD Biosciences, Aficr, washing, the cells
were incubsated with Streptavidin Particles Plus-DM (BD Bidsciences).
Then CD4™ Teells C593%7 were isolated by negative selfection using a BD
Mag system (BDY Biosciences).

For purification” of peritoneal miacrophages and splenic DCs. niouse
peritoneal exudate cells (PECs) and spleen cells were collected and incu-
hated with antis-mouse CDI6/CD32 mAb (93 cRiosciences) at 4°C for 20
min. The PECs were then incubated with biotinylated anti-mouse F4/80
mAb (BMS: eBioscienices) at 4°C for 20 min. After washing, the cells were
incubated with streptavidin-Microbeads (Milienyi Biotec} at 4°C for 20
miit. Spleen celis were incubated with CD1Tc-Microbeads (Milienyi Bio-
ey at 4°C for 20 min: F4/807  peritoneal macrophages (92%;) and
CDHcT splenic DCs (92%) were isalated by positive selection using a
MACS system (Miltenyi Bioweh

For collection of thinglycolate (TOC-induced mouse peritoneal mizc-
rophages {TGC-macrophiages). mice were Lp. injected with § ml of 2%
TGO (Nissuil, Three days after injection. PECs were collected:

Mouse BMCMCs were generated. as described elsewhere (113 In brief,
mouse femoral bone marrow cells were: cultured in the presence of 10
ngfmil mouse il rmiL3=3 (PeproTech) for 6=8 wk.at which time flow
cytometry showed the cells to be o >98% c-kit ™ FeeRla " population,
Before using the cells; rmIL 3 was removed by washing:

Cell culture

CH4™ T rells were cultured ‘with plate-céated anti-CD3 mAb (1 ug/mby
{145-2C11: cBioscience). F4/80" macrophages, CD1e* DCs, ar TGC-
macrophages were stimolated with 100 ng/ml LPS (Salmonella entérica
serotype. fyphimuriuny; Sigma-Aldrich). 100 ng/ml rmIL-33 (R&D Svs-
tems), or 0.1 pg/mi PMA (Stema-Aldrichi plus | pe/ml fonomycin (Sigma-
Aldrichy. Naive: BMCMCs were incubated with various concentrations of
monomeric [gE (SPE-7; Sigma-Aldrichy, LPS, and/or 0.1 pg/mi PMA plus
P pefmi jonomycin. For IgEfAg-dependent mast cell activation,: naive
BMOCMCs were sensitized avernight with | pg/ml ant-DNY IgE (SPE-75
After washing. IeE-sensitized BMCMCs were colturced with various con-
centrations of DNP-human serum albumin (DNP-HSA: Siema-Aldrich).
These cells were culured for T h (RT-PCRY & hooor 24 K (BLISAL
ELISPOT, and immuncprecipitation); respectively. For caspase-8 or cal-
pair inhibition, F4/80" peritoneal macraphages were incubated with and
without a caspase-§ inhibitor (30 1M easpase-8 inhibitor I (Calbiochen))
for T k. or calpain inhibitor €10,730, or 100 oM MDL 28,170 {Calbiochem)i
for 43 min, and then stimulated with and without LPS for 24 h. For in-
duction of necrosis, FA/807  peritoneal macrophages. and: TGC: macro-
phages were stimulated with 100 ag/ml LPS for & ho and then incubuted
with 1 M NalNy or treated by freeze thawing.

RT-PCR

IL-33 mRNA expressionway analyzed by RE-PCR. The PCR primers were
Slgnazatcccaacagnagace:3’ and Sittecpgagacgagacgtcac-3 for mIL-33;
and 5'-geégcctgpaganacctge-’ dnd 3 agaggtecaccaccotgtip-37 for murine
GAPDH. The PCR conditions were (94°C for 30 51 55°C for 305, 72°C for
& 53 X 35 eyeles ¢1L-33) or 25 cyeles (GAPDH}

ELISNVELISPOT

For 11.-32 detection, Nunc-Inimuno plates {(Nuncy for ELISA and Multi-
Screen-1P plates (MAIPS4310; Millipore) for ELISPOT were coated with
anti-mIL-33 polyclonal Ab (R&D Systems; 2 pg/mi in PBS) as a capture
Al at 4°C overnight. After blocking with. PBS conmining 1% BSA
{ELISA) or 10% FCS (ELISPOTE samples, and rmlE-33 us o standard
cytoking, the cells were incubated at room’ temperature (r.t.) for 2:h for
ELISA or cultured at 37°C for 24 b for ELISPOT. After washing the wells,
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biotinylated anti-mouse/human IL-33 mAb {Nessy-1; Alexis Biochemi-
cals, 400 ng/mi in PBS containing 1% BSA}) as a detection Ab was applied
and incubated at r.i. for 1 i for ELISA and ELISPOT. Then, after washing
the wells, HRP-conjugated streptavidin {BD Biosciences was added 1o the
wells at rt, for 1 bl Teramethylbenzidine (eBioscience) and 3-amine-9-
ethylearbazole (Sigma-Aldrich} vere used as substrates in ELISA and
ELISPOT. respectively, For ELISPOT, positive spots on Ab-coated
MultiScreen-IP plates (MAIPS4510; Millipore) were analyzed with NIH
Image software. For IL-la, IL-18. and 1L.-6 detection, mil-1e DuoSet
{R&D Systems) and mil-13 and mIL-6 ELISA sets {cBivsciences) were
used for ELISA and ELISPOT.

Immunocytochemistry

Immunocyiochemistry for [E-33 was conducred by the polymer-immune-
complex-method (DakoCytomation), ‘according to the manufacturer's in-
structions: Briefly, cytospin samples were fixed with 4% performaldchyde
at 47C for: 20 min and thew blocked with perdxidase-blocking solution
(DakoCytonation). The resultant’ complex wus: mixed with mouse: anti-
mouse/human [L-33 mAb (Nossy-2y Alexis’ Bicchemicalsy and EnVision
detection reagent (DuakeCytomationy at .0 for T by followed by addition of
normal mouse seruny and further incubation at row for Ty Cytaspin samples
were incuhited with the résulfant ¢omple at e for T h, and then the
IL-33/anti-1L-33/EnVision complex was detected with diaminobenzidine.

{numunoprecipitation and Western blot analysis

Cells that were siimulated with and without 100 ng/ml LPS or lungs that
were harvested: fromi mice at & b after inhalation of EPS (10 ug in 20 ml
of sterile; pyrogen-free (1.9% NaCl (saline}y or saline were homogenized in
cold lysis buffer (30 mM Tris-HCL {pH £.0% 150 mM NaCl 1% Nonidet
P40, 0.5% sodium deoxycholate; and 0:1% SDS; 250 myg of fung tissue/
mlt and held at 47C for 30 min: Then! after contrifugation (16,000 41 at
49C for 30 min. the supemnatants were collected: For immumoprecipiiation,
the Tysates were incubated with anti-mIL-33 mAb (10 ggl Nessy=1¢ Alexis)
oranttemiL- I8 mAb €2 ug; B1227 BD Biosciendesy at 4°C for 12°h, The
immunoprecipitants; tung and coll fvsates; ymil=33, and rmiL-18 were
analyzed by SDS-PAGE and bintted onto polyvinylidenc difuoride mem-
branes (Invitrogen). The membranies were blocked anid then incubated con-
secutively with anti-mIE-33 mAb (4G4; MBL) and HRP-conjugated anti-
niouse. 1gG (Amershamy for 1E-33, and anti-mIL-18 (166926, R&D
Systemst and aati~rat gG (Amersham} for IL-18. Then the immunoreac-
tive proteiny were visualized with' ECL reagents (ECEL Western Blotting
Detection Reagents: Amershany),

Cell survival

Cell viability was: assessed using the MEBCY TO:Apopiosis Kit (MBL)
with: flow cytometry or a colorimetric Jactaie dehydrogenase (LDHJ assay
kit (CvtoTox 96; Promegal:

Multiple simulianeans Tag (MUSTag) assay

For modified immune PCR, called: MUSTag techaology, anti-mll-138
polyclonal Ab {(R&D Systems) and anti-mIL-33 polyclonal Ab (R&D Sys-
tems). as detection Abs; were conjugated with DNA Brielly: the detection
Abs (15 pp) were! incubated with 100 pmol biotinvlated: double-strand
MUSTag DNA fragment (Synthera Technologies) and 100 pmol MUSTag
adaptor protein i binding buffer (300 mM NaCl, 0.1 mM EDTA  and 10
mM Tris-HCE (pH 7.41¥ at £t for 2 b Then the mixture, in which the Abs
are DNA conjogated vig the MUSTag adaptor protein, was subjected to gel
filteation chromatography on'a Superdex 200 PC 3.2/30 column connected
to'a SMART System {(GE Healthcare Bio-Science). The peak fractions
were collected. and the vield of the DINA-conjugated Abs was determined
by ELISA. The biotinyviated double-strand MUSTag DNA fragment was
designed (a5’ follows: 57-[biotin}-CACTGCTTACTGGCTTATCCAAAT
GGAATICTIGCATGUATCTAGAGGOUCCTATICTATAGUATAGTC
TCACCTAAATGUTAGGCACCTICTAGTTIGCCAGCCATCTGTIGC
ACACCAAACGTOGCTTGCC-3 the first box = EcaRl restriction site,
thé second: box ‘= MUSTag forward priming site, and the third box, =
MUSTag reverse priming sife.

MUSTag assays. were performed according (o the manufacturer’s in-
strictions (Synthera Technologiesy Briefly, Maxisorp Immunomodule 96+
well plates {Nalge Nunc: Internmtional) were conred with 30 plfwell anu-
mlL-I8 mAb {2 pg/ml: 3031 1 R&D Systems) or anti-human/mouse 11-33
mAb (3 pg/miy Néssy=1y Alexis Biochemicals) in 30 mM sodium carbon-
ate buffer (pH 9.6) at 4°C overnight. After blocking with a blocking huffer
{Synthers Technologies) for T h b nt; sertally dilited standard emib-18
{R&D Systemist or rmiL-33 (PeproTechy 10 ng/ml (0 0.64 pg/mly in sample
dilution: buffer {Synthera Technologies) and' samples (50 ulfwell) were
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incubated at r.t. for 1 h. Afier washing with wash buffer (Synthera Tech-
nologies). DNA-conjugated anti-mlL-13 or anti-miL-33 polyclonal Ab in
the difution bulfer (8 ng/mi, 30 uliwell} was added, followed by incubation
at o, for | h. After washing, 7.5 U/ml EcoRE (30 plfwell; Nippon Gene)
in digestion buffer was added, followed by incubation at r.c. for 15 min. A
total of 3 pf of the sclution in cach well was subjected to real-time quan-
titative PCR (gPCR) analyses,

qPCR analyses were purforms,d using the Mx3005P Real-Time PCR
System (Agifent). The PCR mixtures consw(cd of 10 ul of 2X SYBR
Premix EX Tag (Takara Bioy, 100 aM MUSTag primers (Synthera Tech-
nologiesy, 04 ul of SOX 6-carboxy-X-thodamine Reference Dye Ul
{Takara Bio), 3 ul of each sample, and sterile distilled water added (o 2
final volume of 28 ul, The temperature program for PCR was as follows:
11 95°C for 10 52 2) (95°C for 5 5) X 46 cyclest and 3) 60°C for 20s. The
fluorescence intonsity was measured at the end of each cycle using exci-
tation/emission filters of 492756 nm for SYBR Green I and 585/610 nm
for: 6-carboxy-X-rhodamine (passive: refk €3, The threshold cyele (Ct)
values were calculated from amplification plots using MXPro qPCR soft-
ware version 3.20 (Agilent) with adaptive baseling and amplification-based
\hreshold algorithris; and further analyses were conducted with GraphPad
Prism version 4,03 {GraphPad), Each dard was d in tripli
and the: mean Ct values with S were plotted against the log of the con-
centration of each recombisant enzyme. The standard curves were fit to the
following sigmoidal four-parameter logistic eqiation:

| Ol = Cliga

- ¥+ u){l:zgiifs:-{:g,‘(i):li&'!i&w

Cr= Gt + s

where X is the enzyme: concentration; C7-is; the correspanding: Ct value,
Ct,o is the theoretical maximum Ct value (the minimum responsel. Cly,
ix the theoreticat rinimum Ct value {the maximium response}, ECy is the
concentration causing S0% of the maximum response. and Hill Slope is the
slope of the linear portion of the sigmeidal curve. In all curve fitings, each
Ct,,c parameter was fixed to the mean Ct value of the blank concentration,
and then Cryin, ECe. and Hilt Slope were obtained by a nonlinear feast-
squares method: The concentrations of 11233 and IL-18 in unknown sam-
ples: were calculated from the rispective standard curves;

Statistics

An unpaired Student's 1 test, two tailed, was used for statistical evaluation
of the rosufts.

Resuits
IL-33 mRNA is expressed in monise macrophages, DCs. and
BMCMCs

Macrophages, DCs, and mast cells express TLRs. These immune
cells are considered o be important for host defense against var-
ious pathogens by activating innate immune responses via TLRs.
TLRs are: also’ important: for the ¢licitation of acquired: immune
responses;. for example. TLR signals contribute: to. but are not
essential for. the development of Th2-associated allergic responses
{21} Thus. we used RT2PCR to examine IL-33 mRNA expression
in those cells after LPS stimulation. Resting mouse F4/807 peri-
toneal macrophages, but not CD11c* splenic DCs or BMCMCs,
constitutively expressed 1L-33 mRNA (Fig. 1), After PMA plus
fonomyein stimulation, 1L-33 mRNA was increased in CD1lc?
splenic DCs and BMCMCs, but not in F4/80° peritoneal macro-
phages (Fig. 1), After EPS stimalation; IL-33 mRNA was up-reg-
ulated in F4/807 peritoneal macrophages and CD1lc” splenic
DCs, but not in BMCMCx (Fig. 1) However, BMCMCs expressed
1L-33 mRNA after addition of monomeric 1zE (22) and miL-33;
and also after IgEfAg stimulation (Fig. 2). JL-33 mRNA was not
observed to be expressed by CD4T T cells under any conditions
(Fig. 1)

IE-33 protein.is produced by mouse macrophages, but not
by DCs

In contrast to 1133 mRNA expression, 1L-33 protein levels were
always below the limit of detection by ELISA in the culture su-
pernatants of F4/807 peritoneal macrophages and CD1lc” splenic
DCs after stimulation with LPS or PMA plus tonomycin (Fig. 3),
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FIGURE 1. IL-33 mRNA expression in mactophugcs‘ DCs, and
BMCMCs after LPS stimulation. Mouse splenic CD47 T eells, CDile®
DCs. peritoneal F4/80° macrophages (M), and BMCMCs were siimu-
lated for 1 h with platé-coated anti-CD3 mAb (1. pg/mi}, 160 ng/ml LPS,
or (.1 pg/ml PMA plus 1 gg/ml lonomycin. < Indicates no stimulation.
1L-33 ' mRNA" expression was . determined by RT-PCR.. GAPDH: mRNA
expression was used as an internal contrel.’ Densil tric analysis: was
performed using NIH Image software, and 1L-33 mRNA expression. was
normalized against GAPDH mRNA expression {the value of L33 mRNA
expression/thie value of GAPDH mRNA expression X 100}, The data show
representative results from at least two to three independent experimients.
Semiquantitative’ PCR analysis. was performed using: the: serially. diluted
cDINA templates during the exponential phase of PCR amplification.

even though 1L:6 production was: detected in the same superna-
tants (data: not shownlk. However, 1L-33 protein was detected in
whale-cell lysates of F4/80" peritoneal macrophages. but not of
CDlic? splenic DCs, afier LPS and PMA plus fonomycin stim-
wlation (Fig. 3} To detect released 11.-33 protein; we next estab-
lished an IL-33-specific MUSTag assay system (limit of detection:

SPE-7 (g/mi)
0103 1 3101

LPS (ngfmi)
31036 100

rlk33 (ngfmt)
=43 1030100
33 e M

= —————

30

DNP-HSA (ng/mi)
1030100300

2071

107

I1-33 mRNA

003 110 %61 10 ot 10101000
TmiL-33 (ngimi} BNP-HSA (nalm)
FIGURE 2.0 IL-33 mRNA expression’ in. BMCMCs. Mouse BMCMCs
were: stmulated for' 1 b with: various' concentrations of monomeric IgE
{SPE7) LPS, or smlL-33 or 0.1 po/mi PMA plus b pg/ml lonomycin. =,
Indicates no stimulation: Mouse BMCMCs 'were sensitized overnight with
1 pg/mi ant-DNP IgE (SPE-71. Afier washing, IgE-sensitized BMCMCs
were cultired for T howith varfous ‘concentrutions of DNP-HSAL TL-33
MmRNA exp d by RT-PCR. GAPDH mRNA expres-
sion was used s an internal control, Densitometric analysis was performed
using NIH Image software, and H-33 mRNA expression was normalized
against GAPDH mRNA expression ithe value of IL-33 mRNA expression/
the valoe of GAPDH mRNA& expression X' 1005, The data show represen-
tative results from at least two to three independent experiments. Semi
quantitative PCR analysis was performed using the serialiy diluted cDRA
templates during the éxponcntal phase of PCR amplification.
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FIGURE 3 [L-33 production by LPS-stimulated macrophages. Mouse
peritoncal F4/80° macrophages (5 X 10° cell/100 uby and splenic
CDlHic™ DCs ¢f X 107 cells/100 uh) were stimulated for 6 h with 100
ng/fml LPS or 0.1 pig/m! PMA plus | pg/ml ionomycin, TL-33 fevels in the
culture supernatants (Sup) and whole-cell Tysates {WCLL 5 X 0% macro-
phages of 1 X' 10% DCs in 100 gl of lysis hofier) were determined by
ELISA. Data show the miean + SEM (v = 31 20 p < 005 vs medium.

>0.64 pg/ml rmiL-33}, which is much more sensitive than general
ELISA {limit of detection: 30 pg/ml rmiL-33). Nevertheless., as
shown in Fig. 3, any 1L-33 that was present in the culture super-
natants of LPS- or PMA plus ionomycin-stimulated F4/807 peri-
toneal macrophages was still below the limit of detection cven
with the MUSTag system. whereas 1L-13 was able to be detected
{data not shown).

Because IL-33 is localized in the nucieus as an intracellvlar NF
(19Y, it has been uriclear whether pro-JL-33 is ¢leaved andfor re-
leased. We neat performed Western biot analysis for detection of
processed-forny IL-33. As shown in Fig. 44, >1.2 ng of rmlL-33
was detectable with our Western blot system. However, both pro-
1L-33 (32 kDa) and processed-form IL-33 (18 kDa) in whole-cell
lysates or cultire superiatants of LPS-stimulated F4/80™ perito-
neal macrophages (1 X 107 cells purified from pooled PECs from

A

=33 (ny)
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20 mice) were below the limit of detection with Western blot anal-
ysis even after immunoprecipitation using anti-1L-33 Ab (data not
shown). It has been shown that [L-33 mRNA is constitutively ex-
pressed in the lungs of mice (1). In support of this, pro-IL-33 (a
31-kDa profein}, but not processed-form IL-33 (18 kDa), was de-
tected in whole-lung homogenates from naive wild-type mice by
the Western blot analysis (Fig. 4B). Pro-1L-33 expression was in-
créased in whole-lung homogenates from LPS-inhaled wild-type
mice in comparison with salinc-inhaled wild-type mice by Western
blct analysis, but processed-form 1L-33 expression could not be
detected in those homogenates by Western blot analysis trrespec-
tive of LPS treatment (Fig. 4B} or even hy the Western blot anal-
ysis after immunoprecipitation. using anti-1L-33 Ab (data not
shown}. Likewise, even though pro-IL-33 (32-kDa} expression
was increased in whole-cell lysates, but not culture supernatants,
of TGC macrophages afier stimulation with LPS, processed-form
[L.-33 was below the limit of detection in both samples by Westemn
blot analysis after immunoprecipitation using anti-IL-33 Ab (Fig.
4. In contrast, released-form TL-18 could be defected under
similar cell culture conditions by Western blot analysis after im-
munoprecipitation using anti-IL-1f- Ab: (Fig. 4D). However, in
comparison with the amount of pro-1L-18 in whele-cell lysates of
LPS:treated  TGC-macrophages,. the amount of released-form
IL-18 in the culture supernatants was very small (Fig. 4D}, These
ohservations suggest that detection of Tow levels of processed-
forne 1L-33, like released-form 1L-18, was difficuit with our West-
ern blot system.

Therefore. we cstablished an IL-33-specific ELISPOT system to
detect [E-33-releasing cells, Consistent with the 1L-33 levels de-
tected in whole-cell lysates by ELISA. ELISPOT analysis found

B

B saline LPS mmik-33
WBIL-33 —

2010
FICURE 4. Detection of IL-33 by
Woestern' biot analysis. Western blot
analysis for TL-33 deiection was pers
formed by loading various concentra-
tions of rmll-33 (43 and whole-lung
Iysates from LPS- or safine-inhuled
wild-type mice (B) onto Western blot
pels: A total of 20 ng of emiL-33 was
used as a controf (B Immunopr
tasts ‘of culture supernatants and Iy
sates from LPS-treated ‘and untreated
TGCmiacrophages, 200 ng of rmil-
33, or 20 ng of rmll-13 with anti-
mll-33 Ab or anti-mIL-187Ab were
analyzed by Western: bletting for
H-33 or 1L-1 8 detection (€ and Dy,
Pro-1L-23 = 32 kDa, and vIL-33 =
18 kDa Pro-lL- 1B = 31 kDa, and re-

WB:IL-33

IPIE-33
wea:lL-33

teased form -1 = 17 kDa
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FIGURE 5. Caspase-1-independent § 190 g iLta . i.-33
11.-33 release by macrophages. Perito- £ ? 100 - st 200 T 100 1
neal F4/80" macrophages (2 X 1070 )
<ells/200 uly from BALB/c wild-type g £ 50 100 . _:_ 50
mice or BALB/c-caspase-1-deficient 8 "1 -
mice were plated into an anti-mouse 0 T ¥ 0 T 0 T T T
Il-la, IL-~18, or TL-33. Ab-coated e -
plate. and then stimufated with and % 8o 13 4 1500 IL1a x _;ggg
without 100 ng/ml LPS or 0.1 gg/msl a ; 600 ] 1000 ,: 5
PMA plus I pg/mi fonomycin for ga 400 L r * 15000
24 h. A, The levels of [-Ta, IL-18, wg i - 500 1 o - 10000
and TL-33 in the culture superna- & 200 - .—-jj— - 5000
tants and the numbers of 1L~ T, 1 K= 4] e 4] T 0 -0
18-, and IL-33-positive cells were Med ' LPS PMA Med LPS PMA Med LPS PMA
determined by ELISA. and ELIS- lono fono lono
POT, respectively. Data show. the B c
mean + SEMAELISA, n =3 ELIS- s
POT. n = 4y, #, p < (.05 vs me- DMedium . LPS ) D Medium . LPS
dium; ¥, p < 0.05 vs wild-type -+ _— = 4
cells. B, The numbers of ive cells in oy &
the cultires of ‘4 were determined - 4
by flow eytometry after - staining § g
with annexis Vand PL C, LDH fev- o [
els: in the "culture. supernatinis Z b
N N -l [=1
shown in A were detérmined. Dala -
show the mean + SEM (n = 3y

wild-type caspase-f” wild-type caspase-‘f'l'

peritoneat macrophages peritoneal macrophages

that F4/80* peritoneal macrophiages and TGC-induced macro- caspase-8 inhibitor to examine whether caspase-8 is involved in
phages. but not CD11c™ splenic DCs, reldased 1L-33 at significant IL-33 release by LPS-stimulated macrophages. Although bath the
levels after LPS or PMA plus fononiycin stimulation (Fig. 54 and ELISA-determined levels of ILX18 in the culture supernatants and

data not shown}. These findings suggest that macrophages, but not the ELISPOT-determined ntimber of IL- | B-releasing macrophages
DCs, are a potential source of IL-33, were reduced in the preseiice of the caspaseé-§ inhibitor after LPS

: : stimulation, the number of 1L-33-releasing macrophages was not
Caspase-1, caspase-8. and calpain’ are dispensable for IL-33 affected (Fig. 6).

reiease by macrophages Similar to 1L-33. IL-1a; but not IL-18 or IL-18, is localized in
It was reported that recombinant pro-1L-33 was cleaved by récoms- the nucleus (17). Pro-IL-la is cleaved by calviom-dependent ac-
binant caspase-1 in vitro (11, suggesting that in vivo felease of - tivation of & membrans-associated cystéine proteinase, calpain (16.
1L-330 us 'well as 118 and HL<I8! is mediated by caspase-1. In
contrast, as reported by Carriere et al, (191, the biological involve-
nient of caspase-1 in pro-TL-35 cleavage remains controversial, To
clarify: this. issue, we performed IL-33.specific. ELISPOT assay
using. F4/807 peritoneal macrophages from. caspase- I-deficient
mice; Both the ELISA and ELISPOT assays showed that release of
IL-1B, but not IL-1e, by caspase-l-deficient macrophages: afier
LPS stimulation was profoundly decrcased in comparison with that
by wild-type macrophiages (Fig. 5:4). In contrast. interestingly, we
found that even caspase-{ -deficient macrophages were able to ro-
lease a significant amount of IL-33 after LPS or PMA plus iono:
mycin stimulation (Fig. 34). Parallcl experiments showed reduced
I8 release, but normal IL:33 relense by caspas

peritoncal macrophages afier LPS stimulation {Fi g, h
while, the cell-viability assessed by annexin V and propidium io-
dide (P1} staining and the LDH activity in the culiuré supcmatants L -
were not affected by the addition of LPS (Fig, 5. B and C1. Ac ;E(,E RE 6’ Caspase-§ md»pu;d;m Hfﬂﬁuk&»‘;‘ by macrophages.
cordingly. both the IL-33 and IL-18 detected in the ELISPOT eritoneal F4/807 mucrophages (2 X 0% colt/200 ol froni BALBA wild-

v iied o b b i : i 3 by I s rait type mice were plated into an anti-mouse LA or IL-3% Ab:coaied plate
assay appearcd 10 have neen largely released by live cells rather and incubaled, with and without 30 uM caspase-8 inhibitor for ¥ b Then

than by .xpcptottc!nccrozxcfée.ld cetls. "Thus,. these: observations - ipe cofly were stimblaied with and sithodt 100 ngiml LPS for 24 k. The
Suggest that release of 1L s independent of caspase-1
Like caspase-1. caspase-§ is involved in the cleavage of pro-
1L-18 'under. certain conditions (18). Thercfore, we ' used a

18547

1500 133

1008 7
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v LR Sl
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ievels of =18 und H 33 in the culture supernatants and the numbers of
1IL-18-and | ve cells were detected by ELISA and ELISPOT,
respectivelys Data shm\ the mean + SEM (1= 33 %, p <0 0.05 s DMSO.
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FIGURE 7. Calpain-independent 1E-33 release by macrophages: Peric
toneal E4/807 macrophages (2 X 10% ¢ells?200 1) from BALB/c wild-type
mice were plated jisto an anti-mouse IL-Teor IL-33 Ab-coated plate and
incubated with and’ without 10 M. calpain inhibitor, MDL 28,170, Then
the cells were stimulaed with and without 100 ng/mt LPS Tor 24 b The
fevels of H-Ta and 11-33 in' the culture supernatants and the numbers, of
Lila: or -33:positive cells were dewcted by ELISA and ELISPOT,
respectively: Data show the mean + SEM (ELISA, n = 3. ELISPOT. n =
43 2. p <2 005 v DMSO.

173 Indeed; in the presence of calpain inhibitors; the levels of
H.-Tex in the culture supcrnatants and the number of 1L-la-releas-
ing macrophages were reduced in ELISA and ELISPOT. respec:
tively: after LPS stimulation (Fig.. 7). In contrast. the. number of
H.-33-releasing macrophages detected by ELISPOT was not influ-
enced by the addition of calpain inhibitors (o the culture (Fig, 75
Taken together, these observations indicate that neither caspase- L
caspase-8. nor calpain is cssential for IL-33 release by macro-
phages and suggest that the mechanisn: of cleavage of pro-1L-33 s
different from the cleavage mechanisms for pro-lL-le, pro-IL-18,
and pro-1L-18.

11233 production Is induced in’ BUCMCs afier [¢E/Ag
stinutlation

As shown in Figs. | and 2. the expression of 1L-33 mRNA was
up-regulated in BMCMCs upon stimulation with monomeric IgE,
rmiL-33. or PMA plus ionemyein. but not LES. and after IgE/Ag-
FceR cross-linking. However, 1E-33 protein in the culture super-
natants was below the limit of detection by ELISA under all con-
ditions. whereas I1L.-6 in the supernatants was detectable in the
same scttings {data not shown}. In contrast, with ELISA, 1L-33
protein was detectable and increased in the whole-cell Iysates of
BMOCMCs after PMA plus jonomycin stimulation (Fig. 84 ). There-
fore, we surmised that mast cells were producing 1L-33. However,
IL-33 was not dramatically increased even in the whole-cell Ty-
sates of BMCMCs after stimulation with monomeric IgE, LPS. or
[gE/Ag (Fig. 8B). IL-33 release could not be detected by ELISPOT
even after PMA plus: fononiycin stimulation (data not: shown).
However, 1L-33 profein’ was detected around. the nucledr mem-
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FIGURE 8. 11-32 protein production by mast cells. A; Naive BMCMCs
€1 X 10% cells/ 100 pl} were stimulated for 6 k with varfous concentrations
of menomeric 1gE {SPE-7) and LPS or with 0.1 ug/mi PMA plus T pgfml
ionomycin, whercas IeE-sensitized BMCMCs {1 X 10% cells/100 iy were
stimulated with various concentrations of DNP-HSA. [L-33 Tevels in the
colture supomatants (Sup} and “wholc:cell Iysates (WCL: 1 5 10®
BMCMCs i 100 g of Tysis buffer) were dotermined by ELISAL Data show
the mican + SEM {n = 3 different batches of BMCMCsL #, p < 005 v
medium. B, BMCMCs were stimudated with and without LPS and TgE/fAg,
as deseribed ahove. 1.-33-positive cells were detecied by immunohisto-
chennstry, Data show a representative result from three differcnt batches of
BMCMCs.

brane of BMCMCs by immunohistochemistry after stimulation
with IgE/Ag, but not LPS (Fig. 88).

Discussion

1E-33 can promote Th2 cell and mast cell activation, suggesting
that it contributes to the development of such Th2 cytokine- and
mast cell-associated disorders as allergic: diseases (1. 7-11). In-
deed, administration: of . rIL-33 results: in- dramatic pathological
changes in mice: as follows: splenomegaly. elevated numbers of
biood eosinophils, increased serum IgE and igA levels, and 1L-5
and 1L:-13 Jevels, and cosinophil-dominant inflammation in the gut
and lung (1), Thus: itis clear that 1L-33. hike 1L- 18 and 1L-18, acts
as-a proinflammatory cyloking in fmmime responses.: In: contrast,
the precise immune: cell source of 1L233 remains peorly under
stood, although 1L-33 mRNA was Increased in the lungs of mice
in an OV A:induced asthma model £13%

Schmitz et al. {1} demonstrated that LPS-stimulated bone mars,
row-derived macrophages and resting bone marrow-derived DCs
expressed IL-33 mRNAin mice. We have now demonstrated that
[1-33 mRNA was constitutively expressed in resting mouse Fd/
80" peritoncal macrophages and up-regulated in those cells afier
LPS or PMA plus ionomycin stimulation. In contrast to the resting
bone marrow-derived DCs reported by Schmiftz etali (11 €Dl
DCs freshly: isolated. from mouse: splcen’ did not express 1L-33
mRNA. However, as inithe case of F4/807 peritoneal: macro-
phages, 1L-33 mRNA expression was strongly induced in CD1lc”
splenic DCs by LPS or PMA plus ronomycin stimulation. We alsa
found that mouse BMCMCs cxpressed 1L-33 mRNA upon stim=
ulation: with monomeric IgE and rmiL:33, but not EPS: and after
[sE/Ag cross-linking. Thus; these observations suggest that mac-
raphages. rather than' DCs or mast cells, may be a producer of
[1.-33 during bacterial infections,

Schimitz et al. (13 reported that recombinant pro-IL-33 was ¢leaved
by recombinant caspase-1in - vitro. I contrast,. Carriere et al.
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FIGURI 9. Necrotic cells release pro-1L- 0~ 0-
33, 4, Peritoncal F4/80% macrophages (5 ¥ -
10° cells?200 i) from BALBYe wild-type % 100 « < 100 ¥
mice were stimulated for 6 b with LPS, Cells < 75 < 754
were then treated with' and: without: NalN; 2 | K4 o
Heft panely for 1 or treated by freeze thaw- 8 50 8 5
ing {F & T: right panel). 11233 Tevels in the ;’-L- 25 .‘E 26 1
culture  supernatants - were determined . by |
ELISA. B, Culture supernatants: from LPS- 0
stimulated  TGC-macraphages, “with “and Med LPS LPS
without freeze-thaw treatment. were immu- NaN3 F&T

noprecipitated with' anti-mouse IL-33 Ab;
and ril-33 was analyzed by Westera blot
tng for IL-33 detection. Pro-H-33 = 32
kDa, and rll-33. = 18 kDa. C, Peritoneal

B

F4/80" macrophages (2 ¥ 10% cells/200 phy kD Med LPS FE&T IL-33 2
from BALB/c wild-type. mice were plated 75+ 3 & s
inte an anti-mouse- 1L-33 Ab-coated: plate 8. o
and. then: stimulated with and, withous: 100 50« f’ a
g/l LPS or 0.1 prg/mi PMA plas F g/l g' g
ionomycin (PMA -+ Tono} for 6 h: A and C, 37. =k
‘The: proportion of ascrotic cells was. deter- B

mined by flow c¥tometiy after staining with
annexin Voand PL Date show the mean +
SEM (7 = 3). %, p < 0.05 vs medium.

(19} noted that biological involvement of caspase-1'in pro-1L:33
cleavage remains: controversial. Pro-IE-33 'was recently denions
strated (o show biological activity in inducing mast celf activation
{ but cleavage of pro-1E-33 by caspase- [in: vifro resulted in
foss of ‘that biological actvity 25). In addition. it was very
recently reported that pro-1L:33 was released by necrotic cells in:
dependent of caspase-1-(25). We also confirmed that 11-33 was
detected in'the cultire supcrnatants of LPS-treated F4/80 7 perito:
neal- macrophages in'the presence; but not absence; of NaNj, and
also in'the supernatants of LPS-treated F4/807 peritoncal macro-
phages after freeze thawing (Fig. 94} Such treatments induced
profound Pl-positive necrosis (Fig. 94). In addition. pro-11.-33. but
not a profease-cleaved form of 11-33, was detected in the culture
supernatants from that setting (Fig. 98} The number of 11.-33-
positive. F4/807 peritoneal macrophages was: dramaticaily . in-
creascd after PMA plus fonomycin stimulation (13.4-fold increase
vs the control condition. medium afonej in comparison with LPS
stimulation (1.9-fold increase vs the control condition; mediuvm
alonej by ELISPOT {Fig. 9C). Compared with this. the proportion
of Pl-pesitive necrotic macrophages was slightly increased after
PMA plus ionomycin stimulation (2.8-fold increase vs the control
condition, niedium alone: Fig. 9Cy. Although we cannot vule out
the possibility that pro-IL-33 is released only by necrotic cells, our
observations suggest that it is released by live cells in-addition to
necratic: cells:

In our present study. we also clearly demonstrated: for the first
time that neither caspase-1, Caspasc-8. nor calpain is essential for

LPS

68

rm

PI* cells (%)

lono

1L-33 release by F4/80" peritoncal macrophages after LPS stim-
ulation. That is, whereas 1L-18 release or IL-Ta release was sig-
nificantly. impaired in: caspase-I-deficient, caspase-8 inhibitor-
{reated, o calpain inhibitor-treated macrophages after stimulation,
respectively. 1233 release was unafiected by these treatments. Tt is
also known that caspase-[-deficient mice show significantly re-
duced 1E.-18 and 1118 release, but they stll release significant
amounts of 1L 18 and TL-18.(18, 26}, suggesting a caspase-I-in-
dependent alternative pathway(s) for IL-15 and 1L-18 release. In
support of this notion, pro-IL-18 is known to be cleaved predom-
mantly by chymase, which is & proteinase expressed in: mast
cells. but not macropliages (27). These observations also sug-
gest the existence of an alternative mechanism(sj. independent
of caspasc-1, caspase-8. and calpain; for 1L-33 release.

We also dentonstrated that BMCMCs are a potential producer of
IL-33 protein. In contrast 1o 1L-33 release by F4/807 peritoneal
macrophages, 1L-33 release by BMCMCs was hardly detected af-
ter stimulation with mononieric IgE, EPS, and IgE/Ag. However,
the IL-33 protein was detected in whole-cell Iysates of BMEMCs
by ELISA after PMA plus lonomycin stimulation and around the
nuclear membrane of BMCMCs by immunohistochemistry after
IgEfAg cross-linking. Therefore, we cannot tule out the possibility
that mast cells relcase a very small amount of 1L-33 protein; which
might be below the limits of detection with ELISPOT and ELISA:

In the present siudy. we demonstrated that macrophages and
mast cells are potential producers of 1L-33, and that neither
caspase-1. caspase-8, nor calpain is essential for the relcase of
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IL-33. These observations imply that caspase-1- and calpain-inde-
pendent IL.-33 production by macrophages and/or mast cells may
contribute to the pathogenesis of certain infections and/or Th2-
type allergic inflammation.
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Cupressaceae Pollen Grains Modulate Dendritic Cell Response
and Exhibit IgE-Inducing Adjuvant Activity In Vivo'

Seiji Kamijo,* Toshiro Takai,™ Takatoshi Kuhara,*™ Tomoko Tokura,* Hiroko Ushio,*
Mikiko Ota,*" Norihiro Harada,” Hideoki Ogawa,* and Ko Okumura**

Pollen is considered a source of not only alfergens but also immunomodulatory substances, which could play crucial roles in
sensitization and/or the exacerhation of allergies. We investigated how aflergenic poilens from different plant species (Jap-
anese cedar and Japanese cypress, which belong to the Cupressaceae family, and bireh, ragweed. and grassi modulate murine
bene marrow-derived dendritic cell (DC) responses and examined the effect of Cupressaceae pollen in vive using mice, DCs
were stimulated with pollen extracts or grains in the presence or absence of LPS, Cell maturation and cytokine production. in
DCs were malyzed by flow cyfometry, ELISAL snd/or guantitative PCR: Pollen extvacts suppressed LPS-induced IL<12 produc-
tion and the effect was greatest for birch and grass. Without LPS, pollen grains induced BC maturation and cytokine production
without IL-12 secretion and the response, for which TLR 4 was dispensable, was greatest for the Cupressacene family, Intranasal
administration of Cupressaceae pollen in mice induced an elevation of serum [gE levels and airway cosinophil infiltration; Co-
administration of avalbumin with Cupressacene pollen grains induced ovathumin:specific IgE responses associated with cosinophil
infiltration. The results suggest that modulation of DC responses by pollen differs among the plant families vin (1) the promotion
of DC maturation and cytokine production by divect contact and/or {2) the inhibition of 1L-12 production by sofuble factors. The
strong DC stimulatory activity in vitro-and IgE-inducing activity in mice support the clinical refevance of Capressaceae pollen to
allergies in humans, | The Journal of Immunalogy, 2009, 183: 6UR7- 6094,

olfen is an: important trigger of seasonal dhinitis; conjunc- and that the activity was mostly concentrated within insoluble frac-
tivitis; and/for asthma and an cxacerbating factor in atopic tions (11). Polien grains’ release substances: that have stnuictural
dermatitis. (1=4). Pollen grains. of trees: of the. Cupres- similarity with the' inflammatory, fipid mediators (12, 13). Lipid

saceae family including the Taxodiaceae: such as Japanese cedar fractions from birch and grass polien extracts induce chemotaxis
(Cryptomeria japonica), Japanese cypress (Chamaecyparis. ob- and the activation of neutrophils (14) and cosinophils (15). Pollen
tuse).. Cupressus. species, and -Juriperus species; are relevant  extracts of birch, hazel. lilac, maple, and mugwort and birch polien
soufces of alicrgens (2, 3, 53 In Europe and North America, birch phytoprostanes’ inhibit LPS:induced '1L-12 ‘production (16} and
of Betuly species is the most important allergenic tree (31 Policn birch pollen-extract. and phytoprostanes: enhance’ migratory and
grains. of ragweed of Ambrosia species (0) and: grasses-of the Th2-attracting capucities (17} in dendritic cells (DCs).> CDi-re-
Poaceae family. such as timothy (Phleunt pratensey. ryve (Lolinm stricted T cells and 1gE in'bloed samples obtained from allergic
spp.). Kentucky blue grass (Poa pratensis), orchard grass (Dacrlis subjects during the pollinating scason have heen reported to rec-
glomeratay, Bermuda grass (Cyniodon daciylon); and others (75 are ognize cypress pollen-derived phospholipids (18}, We have dem-

also among the most clinically relevant sourcés of allergens: onstrated that pollen grains of members of the Cupressaceae fam-

in addition to the function of pollen grains as carriers of allergen ily, and birch. ragweed, and grass, release proteases (13, 19Y that
proteins, pollen-derived substaiices conld exhibit immunomodula- might be involved in the pathogenesis of allergic diseases, similar
tory effects. Ragweed pollen-derived NADPH axidase (83-10) in- to house dust mite-derived and other protease: allergens (20-29),
creases levels of reactive oxygen specics in the épitheliun and has Pollen extracts of grass, birch, glant ragweed, and Easter lly degrade
critical roles in both sensitization o and the development of aller- tight junctions. and grass pollen extract does so in a protease-depen-

gies in mouse models (8, 9). Very recently, we have demonstrated dent manner (305, However, how thése innate responses to' aller-
that allergenic pollen grains showed NADPH oxidase activity that genic pollen differ aniong plant species is unclear.

differed in intensity and localization according to the plant familics DCs are crucial for the: initiation and maintenance of T cell-
mediated adaptive immune responses (31, 32). Immature DCs;
which reside in peripheral tissues, take up pathogens or allergens
*ff@é‘fﬁ!?if’gé?_jlﬁeﬂ!%hﬂC‘cntc:. *Div‘;s;;?n of Genomie 'Rma?hijri):f:{:?g:;f or are exposed to. the milieu of proinflammatory cytokines pro:
u;:lz?gid:::'ﬁ}\; ,:,f::;;;’: Fokso, Japan‘:‘ i "Depm;‘r;uu of H}.g}:“cgc;séng;«}; vided by accessory cells. leading to the induction of DC matura-
Favulty of Pharmiaceutical Scienves, Tokye Universiiy of Science: Chiba, Tapan tion. which is characierized by the cell-surface expression of co-
Received for publication March 31, 2009, Accepted Tor publication September 5, stimulatory and MHC class I molecules. Having matured, DCs
209. migrate to lymph nodes; where they activate T cells. The type of
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pathogen or proinflammatory cytokine milicu determines the phe-
notype of the mature DCs, which in turn determine the Th phe-
notype that naive Th celis adopt. DC-derived IL-12 is a crucial
Thl-polarizing cytokine.

Inhalation of house dust mite extract (33) or fungal culture ex-
tract (34) with ovalbumin {OVA)} induces production of IgE
against OVA in mice. In mice sensitized i.p. with ragweed pollen
extract plus alum, intranasal challenge with extract that includes
ragweed pollen NADPH oxidase induces more specific IgE than
does challenge with that without this enzyme (8). However, as far
as we know,.in vive IgE-inducing adjuvant activity. of inhaled
pollen-derived substances without. the usé of alum has not been
reported. Although one paper (35) described that the intranasal
coadministration of birch: pollen extract with OVA in OV A-spe-
cific TCR-transgenic’ mice resulted in Th2-skewed cytokine pro-
duction in restimulated OVA-specific T cells in vitro, IgE produc-
tion in vive was not described.

In the present study, we compared how: pollen grains and ex-
tracts of different plant species, {Japanese cedar and Japanese. cy-
press, which: belong 16 the: Cupressaceae family, and birch; rag-
weed. and grass) affect cell maturation and cytokine production in
murine bone marrow-derived DCs i vito, Additionally. we ex-
amined: the activity: of, Cupressaceae’ pollen grains administered
intranasally. to induce elevated serum IgE levels and airway ¢o-
sinophil wfiltration and also its adjuvant activity to induce:an IgE
response specific to a coadministered protein in vivo using mice.

Materials and Methods

Mice

Seven-to 10-wh-old female CS7BL/G and BALB/c mice purchased from
Charles. River ‘Japan and TER4-deficient: mice (C57BL/G background],
which' were & gift fromi S Akirva (Osaka’ University, Osaka. Japani, (36}
wiere: maintained: in g specific pathogen-free animal: facility: at Juntendo
University and used in sccordance with the guidelines of the Institutional
committee, on antimal experiments.

Pallens

Pollen grains of Jap cedar {(Crp ta japorica) weré purchased
from Wako Pure Chemical or generously provided by Torii Pharmaceat-
cali Pollen grains of Japanese oypress (Chamavcyparis obnusal wese pur-
chased: from: Wako: Pire: Chemical. Pollen: grains of white birch (Betuia
albay, water birch {Betuda fontinalis occidenialist. and Kentucky bluegrass
(Poa pratensis were purchased from Sigma-Aldrich. Pollen grains of short
ragweed (Anbrosia artenisiifoliay were purchased from Polysciences.

Preparation of pollen.extructs

Pollen” grains. were: suspended | in: Dulbecco’s PBS without calcium and
magnesium (pH 7Y (100-mg grains/10'mi in 15-ml tubes}: The suspension
way rotated gently at 37°C for T h and centrifuged for S min at 490 X g,
The supernatant was collected and filtered (027 pm}. The filtered supers
natants were stored at. —80°C until used.

Measurement of endotoxin

Endotoxin contained in the pollen extracts and pollen: grain’ suspensions
was measyred by using Endospery (Seikagakak

Generation and stimulation of DCs

C57BL/G mouse bone: marrow—derived DCs were generated as described
£37): In brief. 2 % 10% bane marrow cells I from tibie and fi of
mice were cultured in 10 mi of RPME 1640 medium {Sigma-Aldrich) sup-
plentented with 200 U/ml recombinant miouse’ GM-CSE: (emGM-CSF)
(Wako} 2 mM t-glutamine, 105 {v/vd heatinactivated FCS, 005 mM
2-ME, and antibictics (day 0} At day 3. another 10 ml of medium con-
taining rmGM-CSF was added. 'At days'6 and 8, half the medium was
exchanged for fresh micdium containing rmOM-CSE Anday 9. DCs sus-
pended in fresh medium containing tyGM-CSF were plated onto 24-well
culture plates (5 X 10% cellsM00 pliwell). Finally, 100 ut of the suspension
of LPS (Sigma-Aldrich or List: Biological Lah). pollen extracts. or pollen
grains was added 10 cach of the wells:
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Cell viability after the culture for 24 h with LPS, pollen exiracts, or
pollen grains, or without them was determined by the trypan blue
exclusion test.

Flow cytonelry

DCs stimubated for 24 b were collected and washed three times with PBS.
then incubated with anti-mouse Fey receptor {CD16/CD32) mAb (2.4G2)
(BD Biosciences) for 30 min at 4°C to avoid nonspecific binding of labeled
mAbs. Celi-surface molecules were then stained by incubation of DCs with
PE-conjugated anti-mouse CD e (HL3) and FITCconjugated anfi-nmouse
I-AY (AF6-120:1),- CDSO (16-10A1) (BD Biosciences). or CD86 (GL1)
{eBioscience) mAb for 20 min‘ai 4°C. Afier being washed: with PBS, the
stained cels (livezgated on the basis of forward and side’scatier profiles)
were analyzed on a FACSCulibur {(BD Biosciences), and data were pro-
cessed using the CellQuest program (BD Biosciences).

Cytokine EEISA

After stimulaton {or: 24 h, cultire supernatants were rew&ered by centrif-
ugation 1t 490 % ¢ for § min. Cywkine co fwith
ELISA kits (Ready-SET-Go (¢Bioscience) for 123 zmd Quantikine or
DuoSet {(R&D Systems) for other eytokines),

Quuantitative PCR

After stimulation for 3 b, total RNA was exwracted from DCs using an
RiNeasy Plus Micro Kie (Qiagen). First-strand ¢DNA was synthesized from
total RNA using a high-capacity cDNA reverse ranseription kit {Applied
Biosystems). Real-time quantitative PCR was perfermed with the TagMan
method using we ABF 7500 {Applied BiosystenisY. The mRNA fevels of the
farget gene were normalized to the gene expression: of GAPDH and are
shown as relative expression levels to the control group.

Intranesal administration of Cupressaceae family pollen grains
to mice

C57BL/6 or BALB/ mice were Tightly anesthetized with an L.p. injection
of pentobarbital (Nembutal: Abbou Laborataries) and allowed to inhale 20
wlof the Japanese ceddr or Japanese cypress pollen grain suspension with
or without: OVA (grade Vi Sigma-Aldrichy following application fo the
rarcs with a pipeite twice per wéek for 6 whk for o total of 13 administra-
tionis; The day after the last intranasal administration. sera and bronchoal-
veolar lavage (BAL) cells were collected.

Bronchealveolar Invage

At 24 h after the: last intranasal administration;: mice were términally dnes-
hetized. the tracheas were fated, and internal alrspaces were lavaged
with: 300 ui of PBS with 10% FCS, followed by snother: 300-pl wash,
Fluids were centrifuged at' 1200 X ¢ and the pellets were recavered for
cellular analysis. Specimens were prépared on: glass slides by Cytospin 4
{Thermo Shandony followed by DilF-Quick (Sysmex) staining. Differential
cell counts were performed with & minimum of 200 cells.

ELISA for serum iotal IgE and OVA-specific Abs

Serum toial IgE was measired by o sandwich ELISA as described previ-
ously (381 OV Asspecific Abs were detected on plates coated with: Tmiz/mi
OV A and blocked with BlockAce (Snow Bland} and developed with HRP-
conjugated Aby specific © the murine IgE and IgG subclasses as described
previpusly 139, 40% with some maodifications as follows, Sera and detection
Abs were diluted with solutions 1 and 2 of CanGetSignal {Toyohal, re-
spectively. Serums dilutions were 17200, 1M40.000; 1200, and 14000 for
detecting: OVA=specific IgE. IeGl, 1eG2a and TgG2b; respectively. Far
delecting OV A-specific IgE; incubation with serum or & defection Ab was
for 13 b at 4°C or for 3 h at room lemperature, respectively. For detecting
OV A-specific IgGs, incubation with serum'or s detection Abwas for £.5h
at 370,

Statistical analysis

A onc-way ANOVA with the Tukey post hoc test and the Mann-Whitney
U test (two-tatled) were used to analyze the datz obtained in the in vitro ind
in vive experiments. respectivelyo Al value of pr<(L03 was regarded as
statistically significant.
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FIGURE L. Effect of pollen extracts on LPS-induced: cytokine expres-
sion i DCs. C37BL/6 niadse bone marrow-derived immatere DCs were
stimufated with LPS (Sigma-Aldrich) (100 ng/mb) in the absénce or pres:
ence of pollen extracts. A~E, At 24 b, colture supernatants were collected
and cytokine concentrations were measured by ELISAL F-JU Av X h DCs
were collected and mRNA expression was examined by quantitative real:
tinie ' PCR. NIX, Not detected: Broken ‘line. infcates minimum 'detection
fimit Data are indicated as the means: = SD for three wells. », p <0 0.08{
% p < Q.01 w5, p < 0001 ve cells stimulated with 100 ng/ml LPS alone
by ‘one-way ANOVA with {hie Tukey post hot test. Data 'shown are yep-
resentatives of three independent experiments with similar resulis,

Results
Polien extracts modulared LPS-induced cytokine preduction by
DCs

We examined the effect of extracts containing substances released
from pollen on the response of DCs to LPS. LPB-induced cytokine
praduction in DCs was analyzed (Fig: 1). The extracts of birch and
grass policn: diminished the LPS-induced production of 112
{1L-12 p70). which is a heterodimer composed of the 1L-12 p40
and 1L-12 p35 subunits (Fig. 14), and inhibited IE-12:p40 and
TNF-¢« remarkably (Fig. 1. B and: Oy and IL-6 moderately (Fig.
1D). The pollen extracts other than these of birch and grass mod-
erately inhibited the LPS-induced production of IL<12:p70, 1L-12
p40, and TNF-« (Fig. 1, A-C). Pollen extracts exhibited little or no
inhibition of the LPS-induced production of JL-23. a heterodimer
compaosed of the [L-12 p40 and 11.-23 p19 subunits (Fig. 1E). The
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results for protein levels {Fig. 1, A~E) were supported by the anal-
yses at the mRNA level (Fig. 1, F~J}. LPS-induced DC maturation
in terms of the expression of CD80, CDS6, and a MHC class 1T
molecule (I-A) was not affected by the addition of pollen extracts
(data not shown).

in the absence of LPS, the pollen extracts had no cffect on the
production of the cytokines examined. although they slightly en-
hanced the cell surface expression of & MHC class I molecule, and
Japanese cedar or Japancse cypress pollen extracts marginally en-
hinced CDEO expression (data not shown). Endotexin amounis
released into the pollen-extract samples were 26, 32, 2.3. 440, and
510 pg of endotoxin from I mg of pollen grains of Japanese cedar,
Japanese vypress. birch, ragweed, and grass; respectively. There-
fore, endotoxin concentrations in the DC stimulation, where the
pollen extracts originally prepared at 10 mg of grains/mi were used
at the dilution factor-of 5 (2 mg of grains/ml); were 52,64, 4.6,
870, and 1000 pg of endotoxin/mi: respectively.

The viabilitics of DCs after the 24-h colture with LPS, pollen
extracts, or both, or without them; were similarly -<95% (data not
shown), indicating that the pollen extracts showed no toxicity at
the concentrations: tested and suggesting that' the inhibitory effect
of hirch and grass pollen extracts (Figi 1}, particularly on the 1L<12
p70 production, is not due to their cytoroxicity:

Thus, soluble substances released from pollen grains inhibit the
LPS-induced production of IL=12 p70 in' DCs with an efficiency
that differs among plant species,“and the ‘effect was greatest for
birch and-grass pollen extracts. These substances: themsehves; at
feast at the concentration tested. have little or no activity to induce
DC maturation or cytokine production.

Pollen grains promoted DC maturation in the absciice of LPS

To mimic the contact of DCs with pollén grains. in peripheral tis-
sues during the initial sensitization process. we tested the effect of
pollen on immature DCs in the absence of LPS (Figs: 2'and 3 and
supplemental Fig. S11.% Pollen grains induced the cell-surface ex-
pression of CD80, CD86, and a MHC class I molecule (Fig. 24).
Pollen of Japanese cedar and Japanese cypress showed maturation-
inducing activity at much lower doses: than pollen of birch. rag-
weed, and grass: (Fig. 28

“The viabilities of DCs after the 24-h culture with or without the
polien grains were similarly ~93% with an exception of 2.5 mg of
birch pollen grains/ml that showed a fow viability: (~23%) (data
not shown), indicating that the pollen grains other than birch at the
highest density and birch at fower densities (0.5 mg of grains/ml
and 0,1 mg of grains/mi) showed no toxicity.

Pollen grains induced cytokine producrion in DCs i the
absence of LPS

Next, 'we analyzed the' production of proinflammatory tytokines
{TNF-a, IL-6, and IL-FB) and cytokines related to the differenti-
ation of Th cells (JL-12 and IL-23} (Fig: 3 and supplemental Fig
$1}. Pollen grains induced production of TNF-q; 1L-6, and IL-18
(Fig. 3, A~C). Similar to the results of the analysis of DC matu-
ration (Fig. 2). Cupressaceae family (Japanese cedar and Japanese
cypress) pollen had a strong stimulatory effect at much fower dases
than did the other pollen species tested (Fig: 3. A-C). Birch pollen
grains induced alesser response (Fig, 3 and supplemental Fig, ST3
None of the polien grains induced 1L-12 p70 production (Fig: 30y,
although all of the species induced production of H.<12 pd0 (Fig.
3E and supplemental Fig, S11. Pollen grains induced production of
IL-23 (Fig. 3F) in accordance with expression of the I1-12 p4D
subunit (Fig. 3E).

*The onfine vession of this article contal { jaf
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of pollen grains. Cell-surface expression of costimulatory molecules (CDRO and CDE6Y anda MHC class I molecule {1-A" were analyzed by fow
cytometry. A, Histograms of pollen grain- or LPS-stimulated cells: (bold lines) are overlaid on histograms of controb cells (fine hines). The histograms
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experiments with similar results:

Endotoxin contents in the pollen grains were 100 260, 23,1500,
and 1100 pg of endotoxin/mg of pollen grains of Japancse cedar,
Japanese ¢ypress; birch: ragweed, and grass; respectively.

Pollen grains induced maturation. and cytokine production:in
TLR4-deficient DCs

In TLR4:deficient DCs, pollen: grains other than birch induced
maturation {Fig. 4} and cytokine production but not }E-12 p70
production (Fig. 5). and LPS induced no response (Figs. 4 and
5, LPS). Pollen of Japanese cedar and Japancse cypress induced
the similar levely of DC maturation (Fig. 4) and ~30-100%
production of TNF-w, 1L-12 pd0, and TL-23 (Fig. 5, A E, and
Fy, and <30% but significant praduction of IL-6 and HL.-18
(Fig. S, B and C} compared with those in wild-type DCs (Figs.
2 and 3 and supplemental Fig. 81}, indicating that most of the

DC-maturating activity and the activity to induce TNFaer, IL<12
pd0, and IL-23 and a part of ‘the activity to induce 1E-6 and
IL=1B are not via the TERY pathway 'in Japanese cedar and
Japancse cypress:

Pollen of ragweed and grass induced the similar levels of DC
maturation (Fig. 4) and lower cytokine production (Fig. 5) com-
pared with those in wild-type DCs (Figs. 2 and 3 and supple-
mental Fig. S1}, indicating that the TLR4 pathway is dispens-
able for. the: DC maturation but partially ‘contributes: to! the
¢ytokine response in ragweed and’ grass. Endotoxin concentra-
tions in the DC stimulation were 25 and 65 pg of endotoxin/ml
for 0.25 mg of pollen grains/ml in Japanese cedar and Japanese
cypress and 3800 and 2800 pg of endotoxin/ml for 2.5 mg of
pollen grains/ml in ragweed and grass: The higher endotoxin
concentrations in ragweed and grass at'the tested pollen grain
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FIGURE 4. Effect of pollen grains on matu- - (100 ng/mi)
ration of TLR4-dcficient DCs. TLR4-deficient a
mouse bone marrow-derived immature DCs CcD80
were stimulated for 24 h in the presence of pal- [ S
fen grains. Cell-surface expression of costimu- 5100 107 102 10° 19¢
fatory malecules (CD80 and CD86) and a MHC 2]
cluss I mofecule (1-A%) were analyzed by flow cDss
cytometry. Histograms of pollen grain- or LPS Y P Al
-{List Biological Lab) -stimulated- cells (bold 169 10} 102 167 10%
lines) are overlaid on histograms of control cells 2
(fine lincs). The histograms indicated are gated -A
on the CD1ic™ population. -

dose could explain the partial contribution of the TLRY pathway
to the cytokine response in ragweed and grass (Figs. 3 and 5 and
supplemental Fig. 81).

Inhalation of Cupressaceae pollen grains induced increases in
serum IgE und ainway cosinophil infiltration

Pollen grains of Japanese cedar and Japanese cypress, which be-
long tothe Cupressaceae family, induced DC maturation (Fig:2)
and: cytokine: production (Fig: 3 and supplemental Fig. S more
efficiently: than did pollen of the other plant specics: tested: Next,
we examined the effect of Cupressaceae pollen on IgE induction
and airway eosinophil infiltration in vivo (Figs. 6 and 7).

In €57BL/6 mice. inhalation of Japanese cedar polien grains
resulted in an elevation of serum total IgE levels (Fig, 64) and the
infiltration of inflammatory cells, mainly cosinophils. into the air-
way (Fig. 68). Similar results were obtained in BALB/c mice (Fig.
6,.C and 1. Infiltration of macrophages/monocytes was also ob-
served in BALB/c mice exposed to Japancse cedar pollen (data not
shown}: Inhalation of Japanes¢ cypress pollen grains induced sim-
itar effects {data not shownk

Coadministration of Cupressaceac pollen grains with QVA
induced an OVA<specific IgE response in vivo

In C57BL/6 mice. while the administration of OVA alone induced
fittle or ne elevations of total IgE and OVA-specific. Abs and air-

Pt iny
¢ 10! 1€ 107 10%

R b %3 s PRl T Ty
108 101 102 102 104 169 107 102 100 10 10% 107 107 199 104 108 0¥ 102 100 10t

way cosinophil infiltration (Fig. 74-C, OV A), coadministration of
Japanese cedar polien grmins with OVA (Fig. 74-C, Cedar +
OV A) induced elevations of serum total IgE and OV A-specific IgE
{Fig. 7A) and 1gG (Fig. 7B) levels, which were associated with
airway cosinophil infiltration (Fig. 7C). Similar results were ob-
tained: in’ BALB/c mice (Fig. 7D-Fy except for OVA-specific
[aG2a. Coadministration- oft Japanesc cypress pollen grains with
OVA induced similar effects {data not shown),

Discussion

Exposure to pollen or house dust mite triggers a Th2-skewed im-
miune response toward allergic diseases, which are associated with
1sE production and cosinophilic inflanimation: Although little is
known about the initial sensitization process after first confact with
innocuous environmental aliergens, recent studies have suggested
that 'molecules produced: by allergen-producing organisnis. arc in-
volved in the pathogenesis. through sensitization and/for exacerba-
tion via IgE-independent mechanisms and the modification of 1gE-
dependent: responses: (830, 41-43). In the present study. we
compared the response of DEs to pollen of different plant species.
We found that potlen grains of members of the Cupressaceae fam-
ily, Japanese cedar and Japanese cypress, exhibited the greatest
stimulatory effeet (Figs.. 2 and 3 and supplemental Fig. S13, for
which the TLR4 is dispensable: (Figs. 4 and 53}, while birch and
grass pollen extracts: exhibited the most prominent. inhibition of
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FIGURE 6. Induction of IgE production and airway cosinophil infiltra-
tion by inhalation of Japanese cedar pollen grains, CS7BLSG (A and Bi or
BALB/ (C and Dy mice were: intranasally ad d with Jap
cedar pollen grains (10 ar 100 pg/head | twice a week for 6 wk. Serum and
BAL fiutd were collected at' 1 duy sfter the last intranasal administration.
A and O, Serum total IgE. B and D, Totul number of cells and number of
eosinophils in BAL fiuid. Diata are valies for five mice per group, Bars
indicate means. **, p <7 (.01 vs PBS by the Mann-Whitney U test: Data
shown are rep ives of three independent experiments with similar
results,

LPS-induced 1L-12 {IL-12 p70) production (Fig. 1), Furthermore,
we " demonstrated - that. inhaled . Cupressacéae pollen: grains . in-
creased levels of serum IgE and airway eosinophilic infiltration
(Fig. 6) and ‘had adjuvant activity to induce production of IgE
specific to coadminisicred OVA in mice {Fig. 7).

A research group reported that birch pollen: extract reduced
LPS:induced 1112 p7¢ production in DCs, leading 1o Th2-biased
priming of naive CD4 7T cells in both human {16} and mouse (33}
in vitro systems. Consistent with their results, birch pollen exiract
strongly suppressed the LPS-induced production of H.-12'p70 and
p40 at the protein level (Fig. TA). although a difference was ob-
served between the muring bone marrow-derived DCs used in the
present study and human monocyte-derived DCs €16}, namely, the
birch pollen extract inhibited both IL-12 p40 and p35 mRNA ex-
pression in the present study (Fig. 1) while it inhibited p40 but not
P35 mRNA: expression in the human monocyte-derived DCUs (16},
We demonstrated that grass: pollen also inhibited LPS-induced
IL-12 production. Birch and grass pollen extracts inhibited LPS-
induced production of TNF-« significantly and 11-6 moderately.
Pollen extracts of Japanese cedar, Japanese cypress, and ragweed
showed moderate suppression of LPS-induced 11-12 p70 and
TNF-& production, although the possibility that they could show
mare. effective’ suppression’ il concentrated cannot. be excluded:
These results suggest that pollen-derived substances reicased into
potlen extracts act as suppressors of immune responses by inhib-
iting production of IL-12 p70. TNF-a. and so on. although the
extent of the effect differs among the plant families.
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Stimulation of DCs with pellen grains in the absence of LPS
promoted the matration of DCs (Fig. 2) and induced the produc-
tion of cylokines (Fig. 34-C). but not the secretion of {L-12 p70
(Fig. 3D). Pollen grains of Japanese cedar and Japanese cypress,
part of the Cupressaceae Family, exhibited the greatest capacity to
induce DC responses even at lower doses compared with the other
polien species tested ¢Figs. 2 and 3 and supplemental Fig. 81}, As
stimulation with pellen extracts alone had little effect on the re-
sponse (data not shown}, contact with the surface of pollen grains
seemed crucial i the induction of maturation and cytokine pro-
duction. Grass and ragweed polien-induced maturation of human
monocyte-derived DCs has been reported to be contact-dependent
{44). APCs. including DCs; express a diversity of surface recep-
tors, such as scavenger receptors, mannose receptors, and C-type
fectins, for binding to-exogenous ligands (43, 46). In addition to
these receptors, the interaction of CD1 molecuies on human mono-
cyte-derived DCs and: phospholipids on the surface of polien has
been teported (18} The mechanisms behind the induction of the
DC responses by pollen grains (Figs. 2 and 3) should be addressed
in future studies:

The exposure of DCs to pollen grains induced no detectable
production of IL-12 p70 (Fig. 3D). but it significantly induced the
production of 11.-12:p40 (Fig. 3E), The p40 subunit seemed to
contribute to the formation of IL-23, a heterodimer of the 1L-12
p40 and 11.-23 p1Y subunits (Fig. 3F). IL-23 and IL.-6 are cytokines
involved in the differentiation-of Th17 cells (47} Although it was
reported: that serum IgE levels and- airway cosinophil infiltration
were reduced in 1L: 17 recéplor-deficient mice (483 several studies
indicated that 1E=17 is related to neutrophil-dominant; rather than
cosinophil-dominant. inflammation (47, 49). DCs stimulated with
polien graing produced both 11L-23 and IL-6 (Fig. 3. B and F}.
Whether the inhalation of potlen grains leads to Th17 ceil-medi-
ated inflammation. via the stimulation of DCs is yet to be
investigated,

In-lapan; a common seasonal allergic discase posing a major
public health problem is caused by inhalation of Cupressaceae pol-
Ten of Japancse cedar and Japancse cypress. afiecting ~20% of the
total population (2. 3). Cupressaceac pollen has also been identi-
fied a5 a source of pollinosis in Mediterrancan countries (2. 50) and
the United States (31, 523 Large studies on unselected young
adults in France and Ialy estimated the prevalence of allergies to
cypress pollen to be ~2.4- 8% of the general population (1, 2, 50).
As Cupressaceac pollen exhibited the greatest stimulatory cffect on
DCs, evenat Iower doses (Figs. 2. and 3} we examined their cffect
in vive using mice {Figs. 6 and 7). Inhalation of Cupressaceac
polien grains increased serum IgE levels and airway cosinophil
infiltration (Fig. 6). The coadministration of OVA with Cupres-
saceae polien grains induced: increases in OV Asspecific 1gE and
TaGs associated with airway. cosinophil infiltration (Fig. 7). The
lack of IL-12 p70 production by DCs in vitro (Fig. 3) suggests a
contribution to the elevation in levels of IgE (Fig. 7. A and D),
1aGi. and 1gG2b mather than 13G2a (Fig. 7, B and E} in mice
exposed to pallen of the Cupressaceae family. The results indicate
that pollen grains of the Cupressaceae family have adjuvant activ-
ity in vivo that promotes Ag-specific IgE production associated
with airway cosinophil infiltration. As far as we know, this is the
first demvonstration of in vivo IgE-inducing adjuvant activity of
inhaled pollen-derived substances without using alum,

Hashiguchi et al. (53) reported that artificial exposure to Japa-
nese cedar pollen at 2500 pollen grains/m”, which is equivalent to
the airbome pollen amount in the carly pollinating scason, caused
penetration of 250 and 14 grains/h to the nose and eyes in humans.
Airborne pollen amount during the middle and late pollinating sea-
sonis, 5000 pollen grains/in® (53} and it could be estimated to
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FIGURE. 7. In vivo IgE-inducing adjuvani effect of Japanese cedur pollen grains, CS7BL/G {A-C) or BALB/c (D-F) mice were intranasally administered
with OVA (25 pg/head) and Japanese cedar polfen grains (10 or 100 pg/head) twice a week for 6 wk. Serum and BAL flutd wese collected at 1 day after
the Tast intranasal administration. 4 and [, Serum total IgE and OVAsspecific IgE. 8 and £, OV A-specific 1eGs, € and F, Totil number of cells and number
of cosinophils in BAL fluid. Data arc values for five mice per group, Bars indicate means. =, p < 0.05 and =+, p < 0.01 vs OVA by the Mann-Whitney
U test, Data shawn are representatives of three independent experiments with similar resulfs.

cause penetration of 500 grains/h 1o the nose, which is equivalent
t0 5 pg of grainshh (13, 54). Therefore, everyday exposure for 3
h/day could achieve inhalation of 100 pg of grains/wk in the mid-
dle and late pollinating scason. In mice, administration of 20 g of
grains/wk with OV A exhibited adjuvant activity to induce OVA-
specific IgE (Fig. 7. A and D} and cosinophil infiltration (Fig. 6, B
and D, and Fig. 7. C and F). In our preliminary experiments, lower
dose administration of 2 or (0.2 pg of grainy/wk without OVA.
induced cosinophil infiltration in mice (data not shown). suggest-
ing the relevance of the natural exposure during the pollinating
scason to the sensitization toward Cupressaceac polien allergy in
humans. Although administration of 20 pg (or less) of grainshivk
without OVA did not increase scrum total 1gE levels (Fig. 6. 4 and
C. 10 pg: and data not shown), it does not exclude the possibility
that Ag-specific IgE was increased (39). An assay system for IgE
specific to pollen-derived Ags with high sensitivity should be es-
tablished in & futre study.

In summary, the results of the present study suggest that the
modulation of DC responses (o polien differs among plant faniilies
in two ways: (1) the promotion: of maturation and cytokine pro-
duction through direct contact, which is greatest for Cupressaceae
polien, and (2) the inhibition of IL-12 production by soluble fac-
tors, which is greatest for birch and grass pollen. The strong stim-
ulatory effect on DCs in vitro and lgE-inducing adjuvant activity in
mice supports the clinical relevance of Cupressaceae pollen to al-
lergies in humans, which arc prominent in diverse geographic ar-
eas {2,°3, 50-52;. Pollen grains contain various releasable or in-
soluble substances including lipids (12-18), proteases (13, 19, 30,
NADPH oxidase (§ =11}, subpolien particies (10); and starch gran-
ules {55), which could be involved in the pathogencsis of allerzic

diseases. Mechanisms of the induction of DC responses by pollen
and induction of Th2-inducing cytokines' in other types of cells
(22, 56, 57) by pollen-derived substances should be addressed in
future studies,
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Cytokine milieu modulates release of thymic stromal
lymphopoietin from human keratinocytes stimulated with

double-stranded RNA
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Background: Thymicstrontal hvmphopoietin (TSLP) plays a key
role in allergic diseases, such ns atopic dérmatitis (AD} and
asthma; TSEP is highly expressed by Kerntinocyies iy skin
festons of paticats with AD, but environmental triggers for its
release from Keratinocytes with endngénous factors are nof well
understood, Paticnts with' AD, in whom allergi¢ sensitization is
already established, are susceptible to viral dissemination,
Objectives: We investigated TSEP s refease fromy primary
human Keratinocvtes stimulated with a TollJiKe receptor (TLR)
3 ligand, polyinosinic-polyeytidylic acid, which mimics viral
doublestranded. RNA (dSRNAY and its modulation by
cytokines.

Methods: Primary homun Keratinocytes were stimulated with
TLR ligands, cyfokines; or both: TSLP released into culfure
supernatants. was meastired by means of ELISA.

Results: Stimulation of keratinoeytes with dsRNA induced
release of TSLP snd upregulated gene expression of TSLP and
uther eytokines and chemokines: The release of TSEP was
enhanced by the addition of 1L, IL:13; and/or TNF:o. With or
without the T2/TNE cytokines, the dsRNA-induced release of
TSLP was upregulated by IEN-ccand IEN-B and suppressed by
TNy, TGF-8, or 1E-17.

Conchusions: The effect of the TLRA ligand on keratinacyies
sugggrests contribution of virul dsRNA to skin inflimmations
under the influcnce of a eytokine mikiew: The resalts imply that
viral dsRNA and @ T2 cytokine milicu might promote Ty2-
type inflammation through an induction of TSLP expression.
suggesting that u vicious eyele exists between AD with Ty 24tvpe
inflammation and viral infections iind a possible blockade of this
cycle by other ¢ytokine milieus provided by cells; suchus Ty 1,
regufafory T, and 1517 cells. (3 Allergy Clin Imimunot
2009:123:179-86.)

Key waords: Thymic stromal: Binphopoietiv, keratinocyte, dowble:
stranded RNA, cytokine milieu, atopic: dematitis, viral exposwe,
viral infection, viciows eycle, promotion-and blockade
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Abhreviations used.
ADz Atopic dermatitis
DC: Dendritic cell
dsRNA: Double-srrunded RNA
PamyCSKy: (8)-{2,3-Bistpatmitoyloxy)-{2-RS ¥-propyl]-
N-palmitoyl-(RFCys{ S1-Ser-{ S-Lys;-OH, FHCH
poly G Polyinosinic-polycytidylic acid
TLR: Toll-like receptor
Treg: Regulatory T
TSLP: Thymic stromal lymphopoietin

Recent: findings indicate that thymic stromal Ivmphop()ietin
(TSLP), an ]L—?«ixke cytokine, plays & key role in allergic
inflammation.”> TSLP is highly expressed by kcmtmocvtex in
skin lesions of patients with atopic dermatitis (AD)® and airway
epithelial cells of patients with asthma.? TSLP was found in kerat-
inocytes of skin lesions of patients with acute and ¢hronic AD but
not in their nonlesional skin and lesions of patients with nickel-
inducedallergy contact dermatitis or cutaneous lupus erythemato-
sus. TSLP-activated dendritic cslis (DCs) secrete Ty 2-recruiting
chemokines butnot IL-12 and induce naive T ¢elfs to differsntiate
inio inflammatory T2 cells, Pmducmg IL-4, -5, TL-13; and
INF-¢ through OX40ligand =7 TSLP similarly activates epider-
mal Ldnsurhans celfs. asubsetof DCs. The TSLP DCs caninduce
alfevgen-specific Ty2 memory celfs (o underso homeostatic
expansion and further Ty2 polanization and to mediate recall
responses.’ I support of the findings in human subjects, mice
with Keratinocyte- or lang-specific overexpression of TSLP have
an AD--or asthma-like phenotype,®” and mice lacking the TSLP
receplor have considerably attenuated 'disease’ inasthma
models > TSLP can ilso directly act on humanmast cells syner-
gistically withIL-Fand TNF-a to produce IL-5and .- 13 and on
human CD4™ T cells m.uvated with T-cell receptor stimulation o
markedly proliferate.!® Thug TSLP represents: a-critical factor
Imkmgre%pon\es at interfaces between the body and environment
to allergic (}pe immune respornses.

In human primary aieway epithelial cells, the release ol TSLP
in vitro 1% induced on stimufation with polyinosinic-polyevtidylic
acid (poly LCy, mimicking Viral double-stranded RNA (dsRNA);
and the proinflammatory cywkmes TNF«« and li-1, mimicking
an inflammatory microsnvironment.! The T2 cvtokines 1L
or IL-13. mimicking an allergic microenvironment, upregulate
the poly I:C~induced release of TSLP and the fevel of ISLP
mRNA synergistically with. thinovirus ‘infection, suggesting
that viral infections in & Ty2 cytokine miliew amplify airway
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altergic reactions. Poly 1:C alse induces TSLP’s release from
human tonsillar epithelial celis.*

In human keratinocytes the environmental factors friggering
TSLPs release and its modulation with endogenous factors are
not well investigated, although Bogiatzi et al'® have recently re-
ported that proinflammatory and T2 eytokines act synergisti-
cally to induce the release of TSLP from human skin explants
obtained from healthy donors. Patients with: AD tend (o have
widespread disseminated viral infections.' Disturbed skin bar-
rier' ™" and decreased expression of LL-37.*® which has innute
immune function to control viral replication,?’ in, AD skin are
considered to provide easier access for the vires and pennit its
replication, respectively. lu the present study we analyzed TSLP's
refease from primary human keratinocytes stimulated with
dsRNA in the absence or presence of cytokines.

METHODS
Reagents

The following recombinant human cvtokines and concentrations were used
1o stimuolate keratinocyes: 20 ag/mL TNF-a, 100 ng/mL IL-4, 106 ng/ml. IL-
13, 100 ng/mL [FN-y, 100 ng/mL [L-10, 10 ng/mL TGF-f, 100 ng/mL IL-17,
100 ng/mb [L-22 (R&D Systemis; Minneapolis, Minn}, 10 ng/mb 2000 U/
mb} 1PN, and 100 ag/mib. (2000 UnnLy IEN-B (PeproTech, London, United
Kingdom}. The folfowing Tollike receptor (FLR) ligands and concentrations
were used to saimulate kertinoeytes: (0.1 10, 100 pg/mb poly £C; 5 pg/mL
(§1-{2.3-Bistpalmitoyloxy}(2-RSJ-propyli-N-palmitoyl- (RFCys-(S)-Ser-(S -
Lys~OH, 3HCH (Pam;CSKy; Calbiochem, San Diego, Calif); 20 py/mL pep-
tidogiyean from Staphvlococcus anreus; 20 pgimb. LPS from Esclierichia colf
serotype O 1:B4 (Sigma. St Louis: Moj 20 ng/mL flageilin purified from
Salmoneila ryphipteriion sueain 14028 (Alexis Biochemicals, San Diego, Ca-
1ify; 20 pg/mi. loxoribine: 10 /b CLOYT (hvavoGen, Sun Diego. Calif);
and § wmolL. human CpG (Hycult bistechnology, Uden: The Netherlunds).

Cell culture and stimulation of keratinocytes

Primary human: keratinocytes (Cascade: Biglogics) Portland, Ore) were
cultured in EpiLife KG2 (Kwabo, Osuka; Japany supplemented with 0.1 ng/
mi epidermal growth factor, 1 gg/mb insulin, 0.5 pgAmL hydrocontisone, 30
p/mL gemtamycein, 50 ng/mL amphotericin B dnd 0.4% vol/vol boving brain
pituitary extract. Cells were seeded at | X 10* celtshwelt in flat-bottomed, 96-
well microculture plates and cultwred until they reached 80% confluence, and
then: the medivm was renewed. After further cultivation: for: 24 hours, cells
were stimulated with TLR ligands, cytokines, or both in experiments, except
for quantitative PCR for gene expression.at 4 and:§ hours, in which the me-
dium used for the simulstion and 24-howr cultivation befors the stimulation
did ot comain hydrocorisone:

ELISA

Concentrations of TSLP and IL-8 protein were measured by using dituied
(3:2 for TSEP and less than 1220 for TL-8yculture supernatants collecred at 48
hours afrer the stimulaion with ELISA kits (DuoSet. R&D Systemsy, In this
study: the minimum_ detection Hmits Tor TSLP and 118 in: the supemnatants
were 7.8 and 156 pe/mbi wespectively.

Real-time quantitative PCR

Totl RNA was extracted from eells with RNAspin Mini (GE Healthoare,
Buckinghamshire, United Kingdom} and weated with DNase 1(GE Health-
care) inFig I, €, and RNeasy Plus Micro Kit (QTAGEN, Hilden, Germany i in
Fig 2. ¢cDNA was synibesized with SuperSeript [ reverse wmanscriptase (Invi-
trogen; Carlshud, Calif) and randony primiers. Real-time quantitative PCR was
performed with a TugMan method with an ABE 7500 (Applied Biosystems,
Piscataway, NJ). The mRNA Jevel wos normalized to the gene expression of
glyceratdehyde-3-phosphiate dehydrogenase in Fig 1, €, and factin in Fig 2
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Statistical analysis

An unpaired Student r test {2-tailed) or T-way ANOVA with the Tukey mul-
tiple comparison test was used. P values of Tess than (03 were regarded as sta-
tistically significant. Data shows are the means & $Ds for 3 wells, except for
Fig 2, und are representative of 3 independent experiments,

RESULTS
dsRNA-induced TSLP release from keratinocytes
Primary human keratinocytes were treated with TLR ligands.
including synthetic bacterial lipoprotein Pam:CSK,y (TLR2 lig-
andy, peptidogiyean (TLR2 ligand),. poly 1:C (TLR3 ligand),
EPS (TLR4 ligand}. flagellin (TLRS ligand), loxoribin (TLR7 lig-
andj; CL-097 (TLR7/8 ligand), and CpG (TLRY ligand}, to test
for a possible role of the regulation of TSLP's production by
TLR ligands in keratinoeytes. ELISA of the culture supernatants
showed that keratinocytes treated with poly LC, mimicking viral
dsRNA., released detectable amounts of TSEP (Fig 1. A). The
other ligands tested did not induce TSLPs releage; whereas pep-
tidoglycan and flagellin induced TL-8'¢ release, although less ef-
fectively than poly LC (Fig I, By, which is' consistent with other
teporis. ™" The getic expression for TSLP mRNA was signifi-
cantly upregulated by stmulation with polv LC (Fg 1, C).
Stimulation of keratinocytes with poly 'C induced a more than
H¥-fold incredse of gene expression of TSLP and other cytokines
{TSLP IFN-B, TNF-a, IL-6, and GM-CSF) and chemokines
{CXCLSNL-8; CXCL9/monokine induced by TFN-y, CXCL I/
IFN-inducible protein - 10, CXCLIHIEN-inducible T-cell «
chemodtraciant, CCL2/monocyte chemoattractant protein. 1,
CCL3/RANTES. CCL20/macrophage inflammatory protein 3a,
and CCL22/macrophage-derived chemokine; Fig 2).

Th2 cytokines and TNF-a upregulated dsRNA-
induced release of TSLP from keratinocytes

TSLP is highly expressed by keratinacytes in skin lesions of
patients with AV AD skin is characterized by the overexpression
of the T2 evtokines IL-4 and 1L-13.2%% To (est whether a cylo-
kine milieu that mimics the atopic environment modulates poly
LC~induced release of TSLP. we examined whether a combina-
tion of TNF-w together with the Ty2 ¢ytokines -4 and 1L-13
(T2 TNE cytokines} would enhaice TSLP's refease from kerat-
inocyies (Fig 3. A-C, and Fig 4, A-C). The dose-and time-depen-
dent poly I'C-induced release was markedly upregulated by
costimulaton with the T2/INF cytokines (Fig 3, A-C). A low
fevel of TSLP was detectable on'stimulation with the T2 TNF
cyvtokines without poly BC (Fig 4. A). supporting a recent study
with ‘skin explants oblained from healthy donors.” Poly L:C sig-
mificantly induced TSLP's release and was most effective in the
presence of hoth TNF-ae and one of the 2 Ty,2 cyiokines 1L-4
and 1E-13 (Fig 4, B and €}, Removing TNF-o or both T2 cyto-
kines decreased the amount of TSLP released, suggesting that
signaling pathways through receptors for TNF-oc and the Ty 2 cy-
tokines synergisticatly upregutate the poly 1:C-induced release.
Removing one of the T2 cytokines had no effect (Fig 4, B and
€, as supporled by the finding that the 1L-4 receptor a-chain is
shared by receptors for [1-4 and 1E~13 and is essential for activi-
tion of the central transcription factor signal transducer and acti-
vator of transcription 6.°° TNFea or poly LC upregulated the
release of IL-8. but[E-4 and 1L-13 made littié or no contribution
fo IL-8 levels (Fig & D-F).



