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by producing IL-22, which promotes subsequent
expression of the antimicrobial molecule Regllly
by ECs (4, 36, 45). In addition to this, our results
describe-a previously unknown biological role
for ILC3 in the induction and maintenance of
intestinal epithelial glycosylation, which leads
to the creation of an antipathogenic bacterial
platform-in the intestine (Fig.'7). ‘Furthermore,
epithelial fucosylation contributes to the cre-
ation of a cohabitation niche for the establish-
ment of normal commensal microbiota (20, 21).
Thus, ILC3-mediated control of epithelial-surface
glycosylation might represent a general ‘strategy
for regulating the gut microenvironment. Tar-
geted modification of these mechanisms has the
poteritial to provide novel approaches for the
control of intestinal infection and inflammation.

Materials and Methods

Mice :
C57BL/6 and BALB/c mice were purchased from
CLEA Japan (Tokyo, Japan). Fut2”~ and 1927~
mice (C57BL/6 background) were generated as
described previously, and Jd2”" mice were kindly
provided by Y. Yokota (33, 46, 47). Fut2”~ mice

were crossed onto the BALB/c ,background for
six generations. Rag2 ~/~ mice were kindly pro-

vided by F. Alt. Ragl”"; Ror¢™™/$%, 1167, Lia™",
TerB7~87", and Jgh6~ mice were purchased from
The Jackson Laboratory. Antibiotic-treated mice

were fed a cocktail of broad-spectrum antibiotics—

namely, ampicillin (1'g/L; Sigma, Bandai, Japan),
vancomyein (500 mg/L; ‘Shionogi, Osaka, Japan),
neomye¢in (1 g/L; Sigma), and metromdazole
(1 g/L; Sigma)—or were given these antibiotics
in their drinking water, for 4 weeks as previous-
ly described (48). These mice were maintained
in the experimental animal facxhty at the Uni-
versity of Tokyo. GF and SFB or L. murinus
gnotobiotic mice (BALB/c) were maintained
in the GF animal facility at the Yakult Central
Institute and at the University of Tokyo. In all ex-
periments, littermates were used at 6 1010 weeks
of age.

Isolation of bacterial DNA '

The isolation protocol for bacterial DNA was
adapted froma previously described method (49),
with some modifications. Bacterial samples in
the duodenum and 1leum were obtained from mice
aged 8 weeks. After removal of PPs and intestinal
‘contents, the intestinal tissues were washed  three
times with phosphate-buffered saline (PBS) for 10 s
each time so as to collect bacteria embedded
within the intestinal mucus for analysis of micro-
bial composition. These bacteria- contammg sol-
utions were centrifuged, -and the pellets were
suspended in 500 pL of TE buffer (10 mM Tris-
HCl, 1 mM EDTA; pH 8.0). Glass beads, Tris-
phenol buffer, and 10% sodium dodecy! sulfate
(SDS) were added to the bacterial suspensions,
-and the mixtures were vortexed vigorously for
10 s by using a FastPrep FP100 A (BIO 101). After
incubation at 65°C for 10 min, the solutions were
vortexed and inciibated again at 65°C for 10 min.
Bacterial DNA was then ;precipitated in isopro-
panol, pelleted by centrifugation; washed in 70%
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ethanol, and resuspended in TE buffer. Extracted
bacterial DNA was subjected t0 16S TRNA gene
clone hbrary (50)

165 FRNA gene clone hbraty analyses
‘For 16§ rRNA gene clone llbrary analyses, bacte-

‘Tial 16S rRNA gene sequences were amplified by
means of polymerase chain reaction (PCR) with
the 27F (5-AGAGTTTGATCCTGGCTCAG-3)) and
1492R (5'~GG’ITAOCI'I‘GTIAOGACIT -3') primers.

,Amphﬁed 16S tDNA' was ligated into the pCR4« 0

TOPO vector (Inwtrogen, Carlsbad, ‘CA), and the
products of these ligation reactlons were then

“transformed into DH- 5a-oompetent cells (TOYOBO,

Osaka, Japan) Inserts were amphﬁed and se-
quenced ‘on an ABl PRISM 3100, Genetic Ana-

lyzer (Apphed Blosystems, Foster C1ty, CA) The .

27F and 590R (5’-ACCGCGGCTGCTGGC 3") pri-
mers anda BlgDye Termmator cycle. sequencing

‘ kit (Applled B1osystems) were used for sequenc-

ing, ‘Bacterial sequences were 1dent1ﬁed by means
of Basw Local Ahgnment Search Tool (BLAST)

kand Rlbosomal Database PrOJect searches (50).

Immunohlstochemlstly

Immunohxstochemlcal analyses were performed
as previously described, with some modifica-
tions (51). For whole-mount immunofluorescence
staining, the mucus layer was removed by flush-
ing the small intestine thh PBS then the ap-
proprlate parts of the small mtestme were fixed
with 4% paraformaldehyde for 3 hours. After
being washing with PBS, whole-mount tissues
were stained for at.least 3 hours at 4°C with
20 pg/mL UEA-1 conjugated to tetramethylrhod-

- amine B 1so’chxocyanate (UEA-I-TRITC; Vector

Laboratones Burlingame, CA) and 10 pg/mL
wheat germ agglutinin (WGA) conjugated to
Alexa Fluor 633 (Invitrogen). For whole-mount
fluorescence in situ hybridization analysis, we
modified the protocol prewously descmbed 52).
After fixation with 4% paraformaldehyde, intes-
tinal tissues were washed with 1 mL PBS and
100 uL hybridization buffer (0.9 M NaCl, 20 mM
Tris-HCl, 0.1%- SDS) oonta.mmg 2 ug EUB338
probe (5-GCTGCCTCCCGTAGGAGT- 3) conjugated
to Alexa Fluor 488 (Invitrogen). After overnight
incubation at 42°C, the tissues were washed with

1 mL PBS and stained for 3 hours with 10 p.g/mL .

WGA conjugated to Alexa Fluor 633 in PBS. After
being washed with PBS; all tissues were analyzed
under a confocal laser- scanmng ‘microscope (TCS
SP2; Leica Mlcrosysterns, ‘Wetzlar, Germany).
Cell preparations

A standard protocol was used to prepare intes-
tinal ECs (53). Tissues. of ‘the. small intestine
were extensively rinsed with PBS: after removal
of PPs. ‘After the intestinal contents had been
removed, the samples were opened longitudi-
nally and cut into l-cm pieces. These tissue
pieces were mildly- shaken in 1 mM EDTA/PBS
for 10 min at 37°C. After passage through a 40-um
mesh filter, intestinal ECs were resuspended in
minimum essential medium . containing - 20%
fetal calf serum (FCS). Lamina propria (LP) cells
were collected as previouisly described (54), with
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some modifications. Briefly, isolated small intes-
tine was shaken for:40 min at 37°C in ‘RPMI
1640 containing 10% FCS and 1.mM EDTA. Cell
suspensions, including intestinal ECs-and ‘in-
traepithelial lymphocytes, were discarded; and
the remaining tissues were further digested
wrch continuous sumng for 60 min at 37°C with
2 mg/mL collagenase (Wako) in RPMI 1640‘
contamxng 10% FCS. After | passage through a

'190-um mesh the cell suspensions were sub-
'Jected to Percoll (GE Healthcare);, density gra-

dients of 40 and 75%, and the interface between
the layers was collected to retneve LP cells. Stromal
cells were 1dennﬁed as CD46 Vlaprobe‘ cells ‘For
ﬂuorescence acnvated ce]l-sorung (FACS) analy— .
sis of ILCs, isolated LP cells were further puri-
fied by magnetrc-acnvated ‘cell sorting 'so'as ‘to
eliminate CD11b", CDI1c*, and CD19* cells. Ch1tb™
CDI1c CD19™ Viaprobe™ CD46* Lr cells were used -
to detect ILCs.

Antibodies and flow cytometry

For flow cytometric analysis; isolated: intestinal
ECs were stained with UEA-I-TRITC, anti-CD45-
Pacific blue (PB; Biolegend, San Diego, CA), and
Viaprobe (BD Biosciences, E t Rutherford, NJ).
Vlapnobe‘ CD45™ UEAT cells were identified as
F-ECs. Aﬁer blockmg thh anu—CD16/32 (FeyRIl/
lll) (BD Broscrences), the follovvmg -antibodies

were used to stain spleen and LP cells: a.nthD46-
) PB (Blolegend), anu—CDllb—phyooerythnn (PE), anti- -

(eonsclenae,

San Diego, CA), anti-CDI1c-allophycocyanin (APC),

tl-CDllb—FITC antl-Gr-l Alexa64-7 anti- -CD3-

APC, anti-B220-PF, anti-B220-APC, anti-IgA-FTTC,

anti-CD4-eFluor40, anti-CD90.2-FITC, anti-IL-17-
PE, and anti- IFNy-FITC (all fmm BD Biosciences),
and Vrapmbe CD11b™ CDI1c™ CD19™ LP cells were

_purified by using a.nt1~CDllb anti-CD1lc, -and

anti-CD19 MlcroBeads (Mlltenyl Biotec, Bergisch
Gladbach Germany) The results were obtained
by usmg a FACSAria. cell sorter (BD Blosclences)
w1th FlowJ [¢] sofcwa.re (TreeS’car Ashland, Oregon)

Intracellular. stammg of Foxp3

“and ¢ytokines

Isolated LP cells were incubated for 4 hours at
37°C with 50 ng/mL phorbol myristate ‘acetate
(Sigma), 500 ng/mL:ionomycin (Sigma); -and
GolglPlug (BD: Bioscience) in RPMI 1640 - con-
taining 10% FCS and pemcﬂhn and streptomycm
After 1ncubat10n, cells ‘were stamed wrth ‘anti-
bod1es against surface antlgens for 30 min at
4°C. The cells were fixed and penneablhzed wrth
Cytoﬁx/Cytoperm solution (BD. Bloscrence), and
cytokines were stained with the fluorescence-
conjugated cywkme annbodles A Foxp3 stammg
buffer set (eBlosqence) was used for mtxacellular
sta.uung of Foxp3

Depletion of CD90" ILCs

) Depletlon of CD90+ ILCs was. performed as pre—

viously described, with some modlﬂcatrons (36).
Two hundred and fifty rmcrogram of a mAb to
CD90.2 or an 1sotype oontrol rat IgG2b (BloXCell
West Lebanon, NH) was ‘given by 1 means of intra-
perrtoneal injection a total of three times at

1254009-9



RESEARCH | RESEARCH ARTICLE

;3'-da,y'ih'tervals, 'In,test(inal' ECs and LP cells
‘were collected 2 days after the final injection.

"Hydrodynamic IL-22 gene

‘delivery system

,pLIVE control plasmld (Takara Bio, Shiga, Japan)
or Ib22~e)(pressmg pLIVE vector (pLIVE-mli22)
‘was introduced ‘into 8-week-old antibiotic-treated
C57BL/6 or Rord™# mice. Ten micrograms per
mouse of plasmid diluted.in ~15 mL TransIT-EE
Hydmdynannc Delivery Solution (Mirus Bio, Mad-
1s0n,WDwasuuectedv1aﬂletaﬂvemmﬂm17to
10 s. TO assess 11-22 expression, serum IL-22 was
quanuﬁed by means of an enzyme-linked immu-
nosorbent assay (R&D Systems, Minneapolis, MN).

Generation of PP-null mice -

niAb to IL-7R (A7R34) was kindly provided by
'S. Nishikawa. PP-null mice were generated by in-
jecting 600 ug of mAb to IL-7R into pregnant
mice on embryonic day. 14 (55).

In vivo treatment with LTpR-lg and
antibody to IL-22 -
‘Neutralization antibody to 1L-22 was purchased
'ﬁ"om eBlosmence Eight- weelwld Rag-deficient
mice were uuected mtrapembonealbr w1th antibody
to IL-22 a total of ﬁve times at 3-day intervals (on
days 0,3, 6,9, and 12). Plasmid pMKI’I‘~expressmg

LTBR- Ig and LTBR-Ig treahnent was performed as

descnbed previously (56). Four- week-0ld. C57BL/6
mice were injected intraperitoneally once a ‘week
for 3 weeks (on days 0, 7, 14, and 21) with LTBR-Ig
fusion protein or control human IgGl at a dose
of 50 [ig per mouse. Intestinal ECs were analyzed
3 days after the indicated injection time. points.

Adoptive transfer of mixed BM

For mixed BM transfer experiments, Rorc?™/s®

mice were 1rrad1axed ‘with two doses of 550 rad
each, 3 hours apart. BM cells (1 x 107) from

o'r(:g‘ﬁ’/gfp mice was mixed with BM cells (1 x 107
from C57BL/6 or Lia™~ mice and intravenously
injected: into irradiated . recipient -mice. BM- chi-
meric mice were used for experiments: 8- weeks
afaar the BM transfer

,lsolatlon of RNA and real-time reverse
“transcriptase PCR analysis

Intestinal ECs and subsets of LP cells were sorted
w1th a FACSAria cell ‘sorter (BD Biosciences).
The sorted cells were lysed in TRIzol reagent
’ (Inwtrogen), and total RNA was extracted in
‘accordance wnh the manufacturers instruc-
‘tionis. RNA was reverse-transcribed by usmg a
SuperScnpt VILO cDNA Synthesis Kit (Inwtmgen)
The c¢DNA was subJected 10 real-time reverse
transcrlptase -PCR (rRT-PCR) by using Roche
(Basel, Switzerland) universal probe/primer sets spe-

cific for Ltor (primer F: 5-tcoctcagaageacttgace-3; R:
5-gagtictgcttgetggggta-3', probe No. 62), L (primer
F: 5cotggtgacooigtistte-3, R: 5-tgetoctgageeantgatct-3,
pmbe No. 76), (primer F: 5-tttcctgaccaaacteagear3,
R: 5'-tctggatgttctggtcgtca3 ‘probe No. 17), 1122r1
B 5 "-tgctctgttatctgggctacaa-?:’ R: 5-
tcaggacacgttggaegttﬁ’ probe No. 9), IlIOrﬂ (primer
5'-attegpagigeeteantgte-3, R: 5-gealclcaggaggtocaatg-
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3, probe No. 29), Fur2 (primer F: 54gtgacticeaccat-
catee3) R: 5tctgacagegtitggagett-3, probe No. 67), and
Gapdh (primer F: 5™gtcegtegtggatetgac-3/, R: 5'-
cetgetteaccacettettg-3', probe No. 80). RT-PCR
analysis was performed with a Lightcycler I in-
strument (Roche Diagnostics) to measure the ex-
pression levels of specific genes,

Infection with S. typhimurium

Streptomycin-resistant wild-type S. typhimurium
was isolated from S.. typhimurium strain ATCC
14028. Fut2”~ (BALB/c background) and con-
trol littermate mice pretreated with 20 mg of
streptomycin 24 hours before infection. were
given 1 x 10% colony-forming units of the isolated
S. typhimurium via oral gavage. After 24 hours,
the mice were dissected, and the cecal contents
were collected. Isolated oecum was treated with
PBS containing 0.1 mg mL gentamicin at 4°C for
30 min so as to kill bacteria on the tissue surface.
The cecum was then homogenized and serial
dilutions plated in order to determine the number
of S typhimurium. Sections of proximal colon
were prepared 48 hours after: infection. Infiltra-
tion of inflammatory cells was confirmed with
hematoxylin and eosin staining.

Statistical analysis

Statistical analysis was' performed with an un-
paired, two-tailed Student’s ¢test. P values <0.05
were considered statistically significant.
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Immediate-type contact hypersensitivity is @ Crosshiatk
reduced in-interleukin-33 knockout mice ’
,‘Interleukin—33 (IL-33) is a member of the IL-1 cytokine family,
along with'IL-1beta and IL-18: IL-33 binds to its receptor ST2 (IL-
1RL1), which is expressed by Th2 cells and by various innate

~ immune cells including mast cells and basophils, in which ST2 and

the IL-18 receptor a.chain, respectively, are predominant [1]. [L-33
stimulates the production of Th2 cytokines by those cells and is
involved in various types of inflammation [2]. Recently, we have
found that ragweed-induced allergic rhinitis is dependent on IL-33
{3] and mast cells‘are abundant in the dermis of skin-specific IL-33
transgenic mice [4]. Those prompted us to elucidate the role of IL-
33 in cutaneous immediate-type contact hypersensitivity. In this
study, we examined hapten-induced immediate-type contact

“hypersensitivity in 1L-33 knockout (KO) mice.

All animal experiments were performed in accordance with the
guidelinesof the Institutional Animal Care Committee of the Hyogo
College of Medicine: WT BALB/c mice (Charles River Laboratories,
Yokohama, Japan).and IL-33 KO mice [2] were sensitized on their

" shaved dorsal skins with 0.5% (wt/vol).2,4-dinitro-fluorobenzene
(DNFB; Sigma, St. Louis, MO), and were repeatedly challenged with
0.2% (wt/vol) DNFB on their left ears and with vehicle only on their
right ears once a week (Fig. 1a), as described previously [5]. The ear
thickness was measured before and after each challenge using a
dial thickness gauge (Ozaki, Tokyo, Japan). No immediate reaction
occurred after the first challenge. However, WT mice showed both
immediate and delayed-type reactions after the third challenge
(Fig. 1b, open squares). In contrast, in IL-33 KO mice the delayed-
type reaction remained as reported that IL-33 is unnecessary for T
cell-dependent acquired immune responses [6], but the immediate

reaction was significantly suppressed (Fig. 1b, closed squares).
When only vehicle was applied, no immediate reactions occurred
in WT or in IL-33 KO mice, and therefore those reactions were
hapten-specific. To determine whether the difference of ear

" swelling in those mice is related with IgE, we measured serum
levels of hapten-specific IgE by ELISA as described previously [7].
However, both IL-33 KO and WT mice showed a strong hapten-
specific IgE response (Fig. 1c). Plasma histamine levels, which were
measured using an ELISA kit (Immunotech, Marseille, France),

were significantly lower in IL-33 KO mice than in WT mice (Fig. 1d).
This result might coincide with the poor immediate hypersensi-
tivity reaction in IL-33 KO- mice. Because both mast cells and
basophils:could be a major source of histamine, we examined the
numbers of those cells in:the skin just before the third challenge.
Toluidine blue staining showed that the number of mast cells in the
skin-was increased in WT mice, but not in IL-33 KO mice (Fig. 1e
and f). In contrast, immunohistochemistry using a murine
basophil-specific anti-mMCP-8 antibody (clone TUGS, Biolegend,
San Diego, CA) [3] revealed that the number of basophils in the skin
was not different between WT and IL-33 KO mice (Fig. 1g and h).
Therefore, DNFB-induced mast cell recruitment might be mediated
by IL-33 and the difference of ear swelling in the immediate
hypersensitivity reaction might be dependent on the number of
mast cellsin the skin. i

Next, the effect of the hapten DNFB on the localization and/or
expression.of IL-33 was examined by immunofluorescence (Fig. 2)
as described previously [7]. IL-33 was localized in the nuclei of
keratinocytes in naive mouse skin, but the epidermal expression of
1L-33. was down-regulated 6 h after the DNFB challenge, and it
recovered at 24 h (Fig. 2b). DNFB-induced IL-33 up-regulation was
only seen in keratinocytes; not in endothelial cells. Consequently,
DNFB. may. cause the production . of IL-33 from keratinocytes,
instead of other IL-33: producing cells. The time-course of [L-33
expression suggests that exposure of the epidermis to DNFB may
cause the secretion of IL-33 from keratinocytes and thereby elicits
a transient decrease in the nuclear 1L-33 protein. In turn, real-time -
PCR revealed that IL-33 mRNA expression increased 6 h after the
application of DNFB and returned toward the baseline level at 24 h
(Fig. 2c). Such a loss of IL-33 protein with an increase in IL-33
mRNA has been found in nasal epithelial cells in patients with
allergic rhinitis [3]. :

From these results, we propose the following mechanism for

.immediate contact hypersensitivity. IL-33 is secreted from

keratinocytes in response to stimuli such as allergens. IL-33 acts
as an alarmin and recruits ST2" mast cells into the skin. Antigen
stimulation then releases a large amount of histamine from the
abundant mast cells and triggers immediate contact hypersensi-
tivity. However, further study is necessary to elucidate how IL-33
recruits mast cells into the skin [4,8].

0923-1811/$36.00 © 2014 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Immediate contact hypersens:tlvxty is suppressed in IL 33 KO rmce (a) lnductnon of contact hypersensmmty WT BALB/c mice or[L-33 Ko mice were sensitized on their
shaved dorsal skins with 25 1 0.5% DNFBin a4:1 acetone/olive oil solution (A/O) in week 0, and were repeatedly challenged with 20 wl 0.2% DNFB inA/Oon theirleft ears or
vehicle only on their right ears once a week. wk, week. (b) Time-course of ear thickness in WT and IL-33KO mice after the third challenge (c)Sera levels of hapten-specific IgE.

Sera were sampled 48 h-after the'third challenge and anti-2;4-dinitrophenol (DNP)-IgE was measured by ELISA. Absorbance at:450 nm (A450) was measured using a
mlcroplate spectrophotometer (Benchmark Plus; Bio-Rad, Hercules, CA), WT mouse serum was usedasa negative control (blank absorbance): (d) Histamine concentration in
plasma measured by ELISA, (e) Toluidine blue stammg of WT and IL-33 KO skins. Arrowheads indicate mast cells. Bar, 50 pm:(f) The number of mast cells in the skin was
calculated as the mean of 6 microscopic fields. (8 lmmunohlstochemlstry of basophlls in the skin from WT and from IL-33 KO mice. Bar, 50 pum. (h) The humber of basophils in

the skin was calculated as the mean of 6 microscopic fields. All data are expressed as means + SEM (n =8)and representatwe data of two independent experiments are shown.
*P < 0,05; ns, not significant (unpaired: t-test, ‘calculated using PRISM6; GraphPad Software, San Diego, CA).
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Fig. 2. Expression of IL-33 in the epidermis after DNFB challenge. (a) Naive WT BALB/c mice were chall enged.with 20wl 0.5% DNFB in a 4:1 acetone/olive oil solution on their
left ears or with vehicle only on their right ears. (b) Inmunofluorescence of IL-33 in'the epidermis of WT ear skins. Deparaffinized sections were incubated with an affinity-
purified rabbit anti-mouse iL-33 polyclonal antibody {7]. Bound antibodies were visualized with a biotinylated goat anti-rabbit IgG antibody (Vector, Burlingame, CA) and
streptavidin-Alexa-594 (Invitrogen, Carlsbad, CA). After mounting with Prolong GOLD Antifade with DAPI (Life Technologies, Gaithersburg, MD), fluorescent images were
recorded using a confocal laser-scanning microscope LSM510 (Carl Zeiss, Thomwodd, NY). Intense staining of IL-33 is evident in nuclei of the epidermis. Bar, 50 pm.
Representative images of 3 independent experiments are shown. (c) Expression of the I133 gene in the DNFB-treated ear skin. Total RNAs of mouse ears were prepared using an
RNeasy Fibrous Tissue Kit (Qiagen, Hilden, Germany). For quantitative real-time PCR, a TagMan™ RNA-to-Ct Kit (Applied Biosystems, Foster City, CA) was used; the product
number of the TagMan™ probe for 1133 was Mm00505403_m1. Each bar shows the-expression of the I{33 gene in DNFB-treated or vehicle-treated mouse ears (1 h, 6 h, and
24 h) relative to non-treated mice (0 h). Data are expressed as means 4 SEM (n = 4) and representative data of two independent experiments are shown. *P < 0.05 (Dunn's

multiple comparison test).
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Abstract

Fas mutant mice are well recognized as autoimmune mouse models, which develop symptoms

similar to human systemic lupus erythematosus. Although disease seventy in Fas mutant mice'is -
greatly affected by the genetic background the mechanisms: affectmg pathological heterogeneity
-among different strains of Fas mutant mice are. poorly understood. In this study, we examined the -
phenotypic differences between as-deﬂc:ent (Fas" ) mice on the BALB/c and C57BL/6 backgrounds
to gain insight into the etlologlc, and pathologlcal heterogenelty of monogenlc autonmmune
diseases. Fas~- mice on the BALB/c. background (BALBIc-Fas"') developed more severe autoummune
disease with hlgh serum auto-antibodies and renal disease compared with those on the C57BL/6
background (057BL16 Fas"') Splenlc B cells were hlghly activated, and germinal center formation
was enhanced in BALB/c-Fas-’- but not in c57BLl6-FaS"‘ mice. Follicular helper T (Tfh) cells were -
equally abundant inthe spleens from both strains of Fas~- mice. However, Tth cells from BALB/c-

Fas™- mice produced Imueh

f‘|gher amounts 4of B ell-actlvatmg cytokines, including IL-4 and IL-10,
] ' ed in‘human studies. Our results revealed

a quahtatwe dufference in Tfh cells bet een the two stralns of Fas”- mice.We propose ‘that the -
pathogenlc T, 2-type Tfh cells in BALB/c-FaS"' mice contribute to the excessive activation of B cells,
resultmg in hlgh serum lmmunog obulln Ievels and the severe lupus phenotype, which may account
for the dlfferentlal outcomes of human monogemc autoummune diseases

Keywords: auto-antibody, CD95, germmal center, 1L-4, T,2-type follicular helper T cell-

Introduction

The cell surface death receptor, Fas (CD95), is essential for
maintaining immune homeostasis and preventing autoimmun-
ity by triggering cellular apoptosis. Studies using spontane-
ously mutant mouse strains carrying a homozygous defect in
Fas or Fas ligand (Fasl) (Fe-zs"”’""r or FasPs9) have shown that
loss.of the Fas-FasL system causes age-dependent onset of
systemic lupus erythematosus (SLE)-like ‘autoimmune dis-
eases characterized by lymphadenopathy and splenomeg-
aly accompanied by lymphoproliferation and auto-antibody
production (1, 2). It is well recognized that the genetic back-
grounds of mutant mouse strains greatly affect their pathol-

ogy (3-6). For instance, the ongmal established FasP™ mice

on an MRL background (MRL-Fas‘D"'p’) developed a more

severe phenotype compared with those on C57BL/6, BALB/c,

C3H or AKR backgrounds (3, 4). Although the MRL strain is

an autoimmune-prone strain, mice with the Fas®™ mutation

on other genetic backgrounds also show lymphoprolifera-

tion and auto-antibody production in varying degrees (5, 6).

These studies with FasP™ mice in a variety of backgrounds

have revealed that a single Fas gene mutation is sufficient for

inducing lymphoproliferation and -auto-antibody . production,

but the magnitude and.resulting gross phenotype, such as
life.span or renal disease, is largely dependent on the genetic

background (3-6).
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More recently, genetically engineered Fas-null (Fas™-) mice
on a 129/C57BL/6 congenic background developed a more

severe autoimmune phenotype compared with MRL-Fas®"e
mice, probably due to the.complete loss of the Fas molecule

in Fas*~ mice, whereas the Jpr mutation is a ‘leaky’ muta-
tion caused by the insertion of an early transposon into the
Fas locus (7, 8). We previously generated Fas”~ mice on the
~ BALB/c (BALB/c-Fas™-) (9) and C57BL/6 (C57BL/6-Fas™)
backgrounds (10). BALB/c-Fas’- mice developed a more
severe autoimmune phenotype compared with MRL-Fas®”
P mice: (9): Furthermore, BALB/c-Fas™~ mice manifest a sig-
nificant increase in serum IgG1 and:IgE levels, and allergy-
like symptoms characterized by infiltration of eosinophils and
neutrophils into the dermal tissue in eyelids (9, 11). Since the
allergy-like symptoms have not been reported in other Fas
mutant strains, it is a unique pathological phenotype in the
BALB/c background mice. These previous studies indicate
that the genetic background of autoimmune-prone mice can
influence the magnitude of pathology and the qualitative
outcomes.

Human FAS- or FAS-related molecule-deficient syndrome
is known as autoimmune lymphoproliferative syndrome
(ALPS). ALPS patients manifest - autoimmune symptoms
closely resembling those in FasP™ or FasP¥9d mice (12).
However, as with other autoimmune diseases, wide clini-
cal heterogeneity is observed among. ALPS patients (12).
In addition to the type of mutation-in the same gene or dif-

ferences in hetero- and homo-zygous genotypes, multiple: .

genetic factors must be involved: in the ALPS pathology, as

most autoimmune syndromes are tecognized as multifactorial-

diseases (12, 13). Importantly, some ALPS patients manifest
eosinophilia and high :serum IgE:levels (14), analogous to
the phenotype observed in BALB/c-Fas~ mice (9). Although
recent genome-wide association- studies revealed: several
susceptibility genes and-loci for autoimmune diseases, the
complex relationship of genetic factors-and disease pathol-
ogy has not been fullyelucidated. Therefore, further studies
on the genetic factors affecting: autoimmune: syndromes. are
essential for both a thorough: understanding of the etiology

and pathology of human autoimmunity, and- establishing

effective therapies. -

A precise comparison of Fas=- mice with dn’ferent genetlc :

backgrounds will provide important information regarding the
etiological and pathological heterogeneity of autoimmune
- diseases. The aim of this study was to investigate the disease
exacerbation factors in Fas™- mice. We used two different
backgrounds of Fas mice (BALB/c- and C57BL/6-Fas™)
and examined differences in their phenotype to gain insight
-into factors affecting autoimmune disease.

Methods

Mice

-Wild-type BALB/c and C57BL/6 mice were purchased from
Charles River Laboratories Japan, Inc. (Yokohama, Japan).
Fas-mice on the BALB/c and the C57BL/6 backgrounds
were- generated by back-crossing Fas™ mice (7) to the

respective wild-type strains for‘over seven-generations (9,
10). Mice were maintained under specific pathogen-free

conditions, where they received sterilized food and water ad
libitum. All experiments were performed in accordance with
the guidelines of the Institutional Animal Care Committee of
Hyogo College of Medicine.

Antibodies and/ reagents

mAbs used in this study: were. specific for. mouse B220
(RA3-6B2), CD3e (145-2C11), CD4 (RM4-5), CD28 (37.51),
CD44 (IM7), CD62L (MEL-14), CD138 (281-2), CD278
(RMP1-30),.CXCRS5 (2G8), GL-7 (GL-7),.1gD (11-26C), IgG1
(M1-14D12) and IgM, (R6-60:2).. These antibodies were pur-

~ chased from eBioscience (San Diego, CA, USA), Biolegend

(San Diego, CA, USA) or BD Biosciences (San Jose, CA,
USA). Peanut Agglutinin (PNA) Rhodamine conjugate was
purchased from Vector Laboratories (Burlingame, CA, USA).

Flow cytometry

Cell suspensions of spleen were prepared by sieving and
gentle pipetting. For surface staining, cells were maintained
in the dark at 4°C. Cells were washed in ice-cold staining
buffer (1% BSA in PBS), then incubated with each antibody
for 15min and washed twice with staining buffer. Data were
acquired on a FACSCanto Il flow cytometer (BD Biosciences)
and analyzed using FlowJo software (version 7.6.1; Tree Star,

- Inc., Ashland, OR, USA).

Detection of serum immunoglobulins

Mouse serum IgM, 1gG1, ‘IgGZa.nlngb, lgG2c, IgA and
IgE levels were measured by ELISA using.polyvalent goat
anti-mouse IgM, IgG1, 1gG2a, IgG2b, IgG2c¢ or IgA antibod-
ies, or rat anti-mouse lgE mAb (23G3) (SouthernBiotech,

_ Birmingham, AL, USA) as capture anttbodles and biotin-conju-

gated polyvalent goat anti-mouse IgG1, IgG2b or 1gG2c anti-
bodies (SouthernB:otech) or biotin-conjugated rat anti-mouse

_lgM (R6-60.2), IgG2a (R1G-15), IgA (C10-1) or IgE (R35-118)
mAbs (BD Biosciences) to the relevant specific isotypes as
' secondary antibodies. The serum auto-antibody levels were

determmed by ELISA. ksts for_antinuclear antibodies (ANAs).
and anti-Ro/SSA antibodies (Diagnostic  Automation, Inc.,

_Calabasas, CA, USA) following the manufacturer"s'ihstruo

tions. The differential isotypes of ANAs were determined by
using antigen-coated plate from ELISA kits for ANAs and sec-
ondary antibodies for each isotype of immunoglobulins.

Histological examination

Tissues were fixed in 4% (w/v) paraformaldehyde, embed-
ded in paraffin, sectioned at'4 um and stained with hema-
toxylin and eosin (HE) or Periodic acid-Schiff (PAS) stain.
For IgG1-and C3'staining, frozen sections of freshly isolated
kidney specimens were incubated with FITC-conjugated
anti-lgG1 mAb or FITC-conjugated goat anti-mouse C3 anti-
body (Immunology Consultants Laboratory, Inc., Portland,
OR, USA). For germinal center (GC) staining, frozen sec-
tions of freshly isolated spleen specimens were incubated
with allophycocyanin (APC)-conjugated anti-lgD mAb and
PNA rhodamine conjugate, and then mounted with Prolong -

‘Antifade Gold with DAPI (Invitrogen, San Diego, CA, USA).

The immunostaining of each section was evaluated under



a microscope (Zeiss LSM 510; Carl Zeiss, Oberkochen,
‘Germany). Computer software, Zeiss LSM 510 ver. 3.2 (Carl
Zeiss), was used for image processing.

In vitro follicular helper T-cell stimulation

For the preparation of CD4*B220-CD62L-CD44*CXCR5*PD-1+
follicular helper T (Tfh) cells from BALB/c- and C57BL/6-Fas-
mice, splenocytes were stained with V-500-conjugated anti-
. CD4, Percp-Cy5.5-conjugated antiB220, ‘APC-conjugated
anti-CD44, PE-conjugated - anti-CD62L, FITC~conjUgated
-PD-1, biotin=conjugated CXCR5 and streptavidin-PE-Cy7 and
sorted by FACSAria | (BD Biosciences). Tth cells (2x10° cells
in 200 pt per well in 96-well flat plates) were cultured with
- immobilized anti-CD3 and anti-CD28 (each at 5 ug ml- for
coating) for 2 days in RPMI-1640 (Sigma, St Louis, MO, USA)
supplemented with 10% (v/v) fetal bovine serum; penicillin
(100U mi-"), streptomycin (100-ug mi"), L-glutamine (2mM)
and f-mercaptoethanol (50.-uM). Supernatants were col-
lected, and cytokine production was assessed by using the
Bio-Plex™ System (Bio-Rad Laboratories, Inc., Tokyo, Japan).

Detection of cytokines bj/ oj/tokine multiplex asséy

Bio-Plex™ Pro mouse cytokine multiplex assay kits‘and the

Bio-Plex™ 200 System with high-throughput fluidic (Bio-Rad
Laboratories, Inc.) were used following the manufacturer’s
instructions.

Reverse transcription-PCR

Total RNAs from splenic Tfh cells or B cells were prepared
using RNeasy MiniKits (Qiagen, Venlo; Netherlands) and

cDNA was synthesized usmg ReverTra Ace (Toyobo, Osaka,
Japan). The expression of genes was. quantlfled with TagMan -

Gene Expression Assays (Applied Biosystems) ‘and the
Thermal cycler dice RT-PCR system (Takara Bio, Inc., Otsu,
Japan) according to the manufacturer's instructions. - The
results were shown as the relative -expression-standardized
with the-expression of a gene’ enoodlng ‘eukaryotic 18S ribo-
somal RNA (rRNA). The specific primers and probes used for
quantitative reverse transcrlptlon-—PCR were TagMan probes
for 114, IL10, 1113, 1117, 1121, Ifng, Aicda, Bcl6, Pram1 and 185
rRNA (Applied Biosystems).

Statistical analysis

Statistical sngmflcance was determmed by. Bonferroms mul-
tiple comparison test or two- talled Student's ttest. P values
<0.05 were considered statlstlcally 3|gnlﬁcant All experi-
ments were performed two or three times and representative
results are shown.

Results

Hyperimmunoglobulinemia in BALB/c-Fas™- mice

We previously reported that BALB/c- Fas- mice show higher
serum 1gG1, IgE and auto-antibody levels (ANAs and anti-
Ro/SSA antibodies) compared with MRL- FasP’® mice (9, 11).
However, the Jpr mutation does .not result in the. complete
loss.of Fas, making it difficult to conclude that.the BALB/c
background causes higher auto-antibody.titers. To determine
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the impact of Fas null mutation in different backgrounds, we
used- two immunologically well-characterized mouse strains,
BALB/c and C57BL/6 mice, as genetic backgrounds for Fas--
mice. All lmmunoglobulms tested were elevated in BALB/c-
Fas- mice compared with-wild-type BALB/c mice. Espemally,
IgGT, 1gG2a, IgA and IgE levels were significantly higher in

- BALB/c-Fas’ mice (Fig. 1A). Only IgG2c levels, which are

the C57BL/6 counterpart of IgG2a in'the BALB/c strain, were
significantly -higher in C57BL/6-Fas~- mice compared with’
wild-type C57BL/6 ‘mice. -However, -other- immunoglobulin
isotypes were comparable between C57BL/6-Fas™- mice
and wild-type C57BL/6 mice (Fig. 1A). As we showed previ-

- ously (9), BALB/c-Fas™- mice developed. hlgh 'serum ANAs

and anti-Ro/SSA antibodies, whereas negligible levels of
serum auto-antibodies were detectedin C57BL/6-Fas- mice
(Fig. 1B): Furthermore we examined the isotypes of ANAs in
the sera. As expected high levels of IgM, 1gG1-and IgG2a
ANAs were detected in BALB/c-Fas™- mice (Supplementary
Figure S1, available at International Immunology Online).

These results demonstrated that self-reactive B cells were

hlghly activated and reoewed signals for class switch recom-
bination in BALB/c-Fas~- mice. BALB/C Fas~"- mice showed
age-dependent auto-antibody produc’uon Slmllar 1o other fFas
mutant mouse strains, which was maximal ‘at ~20 weeks. of
age (Fig. 1B). Thus, we used mice at around 20 weeks old
(18-23 weeks old) for the later studies.

Serological examinations indicated that Fas™~ mice on the
BALB/c background showed a:more severe autoimmune
phenotype compared with C57BL/6 background mice in .
terms; of hypenmmunoglobulmemla

,,:G/omeru/onephnt/s-//ke symptoms in BALB/C Fas~- mice

A oharactenstlo pathology induced by hlgh serum auto-anti-
body levels is immune complex- -mediated renal disease (15).
Although auto-antibody production is observed in almost all

‘mouse strains carrying homozygous Fas mutations, patho-

logical features in the kidney differ greatly among them (5,

6). Thus; we ‘examinedthe histopathology and immunchisto-
chemistry of kidneys from BALB/c-and CS7BL/6 Fas--'mice.
Serum 1gG1 antlbody levels ‘were: high' in. BALB/c-Fas-
mice (Fig. 1A) and intense glomerular IgG1 deposition was
detected in the kidneys. Although 1gG1 deposition was also
detected in.C57BL/6-Fas= mice, -but not in wild-type mice,
the magmtude was much lower than in, BALB/C Fas-= mice
(Fig. 2A). Since levels of complement fixing-antibodies
such as.lgG2a were high in. BALB/c-Fas~= mice (Fig. 1A),
we also- examlned the deposmon of: complement ‘compo-
nent C3, which-is an.important and a characteristic feature
of immune complex -mediated. renal diseases: (15). Again,
BALB/c-Fas- mice showed the hlghest glomerular.C3 depo-
sition in-the kidneys among the mice investigated (Fig. 2B).
In addition, histological examination of the kidneys revealed
that PAS-positive matrix-was. abundant and-the epithelia of
Bowman's capsule formed:a cylindrical structure-in the glo-
meruli in. BALB/c-Fas”- mice. In contrast, little.change was
observed in‘the glomeruli of C57BL/6-Fas”~ mice:.compared
with wild-type mice (Fig. 2C). In -addition, urinary.protein
excretion was higher in BALB/c-Fas”- mice:compared-with
C57BL/6-Fas- mice (data-not shown)..These results clearly
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‘Fig. 1. Hyperimmunoglobulinemia in BALB/c-Fas”- mice. (A) Serum immunoglobulin (Ig) concentrations in-20-week-old BALB/c and C57BL/6
wild-type (Fas**) mice, and Fas-deficient (Fas™-) mice were measured by ELISA (BALB/c-Fast+ and BALB/c-Fas™, n = 6; C57BL/6-Fas**,

n.=11and C57BL/6-Fas,

n.=12).(B) Sera were collected from BALB/c and.C57BL/6 wild-type (Fas**) mice, and Fas-deficient (Fas”-) mice

at 10, 20 and-30:weeks of age (all n= 5). The levels of ANAs and anti-Ro/SSA antibodies were determined by ELISA. Each symbol represents
a single mouse and horizontal lines indicate the mean values. Statistical significance was, determined by Bonferroni's multiple comparison test.

P < Q. 001 “*P< O 01, *P<O 05 n.s., not s‘gnuﬂcant

mdlcate that BALB/C Fas™- but not-C57BL/6-Fas--mice suf-
fer from immune complex-mediated renal ‘disease histologi-
cally-resembling glomerulonephritis.
In-contrast to auto-antibody production and renal disease,
‘both-BALB/c-Fas’- and C57BL/6-Fas~- mice showed con-
‘siderable” accumulation of unusual CD3+*B220* cells [also
referred to-as Ipr cells or double-negative (DN) T cells] in the
“spleen; which-is a-characteristic: phenotype in Fas- or-Fask-
deficient'mice and ALPS patients (12, 13) (Supplementary
‘Figure S2, available at International-Immunology Online). In
~addition; HE staining of tissues indicated strong signs of lym-
“phoinfiltration into tissues including spleen; lung and liver in
both strains of Fas mice (Supplementary Figure 83 avail-
‘able at International Immunology Online).
Takentogether, BALB/c-Fas”~mice developed severe auto-
immune-symptoms, auto-antibody production and renal dis-
ease, which have been well characterized in other Fas mutant

strains, with a magnitude higher than for C57BL/6-Fas-
mice. However, the exacerbated pathology in BALB/c-Fas-
mice was specifica!ly observed for auto-antibody-mediated
symptoms, although both Fas™- mice showed comparable
lymphoproliferatlve symptoms.

Enhanced B-cell activation and GC formation in
BALB/c-Fas™- mice.

Since BALB/c-Fas~- mice showed hyperimmunoglobulinemia
and auto-antibody production, we next examined B-cell acti-
vation-status-in the spleens. As ‘shown in Fig. 3(A), IgM and
IgD DN B cells (gated on CD3-B220* cells), which indicated
class-switched B cells, were significantly more abundant in
BALB/c-Fas-- mice compared with wild-type mice. C57BL/6-

- Fas™- mice also showed a tendency of increased class-

switched B cells, although this was not statistically significant
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Fig. 2. Glomerulonephntns Ilke k:dney failure ‘in Balb/c-Fas”- mice.
(A"and B) Kidney sections from 20-week-old BALB/c and C57BL/6
wild-type (Fas**) mice, and Fas-deficient (Fas™'-) mice were stained
with FITC-labeled anti-mouse IgG1-mAb (A) or FITC-labeled anti-
mouse C3 mAb (B). (C) The same kidney sections were stained with
PAS. Data-are representative of a single: expenment with a total of
three mice per genotype.
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compared with wild-type mice, and a lower magnitude than
in BALB/c-Fas’- mice. The frequencies of immunoglobu-

~lin- class-switched B cells within splenic B cells in BALB/c-

and C57BL/6-Fas™~ mice were ~17.and 7.5%, respectively
(Fig. 3A). Most IgM-IgD- B cells in BALB/c-Fas"-, but not in
C57BL/6-Fas- mice, expressed IgG1 on their surface, indi-
cating an accumulation G1* memory B cells in BALB/c-
Fas"* mice (Fig. 3B). The GC is an important immunological

' d munoglobulin class switching
tion (16). Thus, we investigated
‘formation in the spleens of the Fas-

Fas™- mice were PNA* and GL-7+ GC B cells, whereas GC B
cells were almost undetectable in'wild- -type controls (Fig: 3C).

Jmmunohistochemical exammanon of spleens from BALB/c-

Fas™-"mice showed the presence of PNA* cells inside the
B-cell follicle, clearly indicating GC formation”(Fig. 3D). In
contrast, PNA*GL-7+ GC B cells were comparable between
C57BL/6-Fas”- mice and wild:-type controls and littte or no
GC formation was detectable in C57BL/6 Fas'-" mouse
spleens (Fig. 3C and D). Again, B-cell hyperacnvatron was
evident in BALB/c-Fas™, but not.in CS7BL/6 Fas™- mice.
Next we examined mRNA expression in splenic B cells.

. Compared with. wild-type B. cells, BALB/c-Fas”- B cells -

expressed >35-fold higher. levels of mRNA for activation-
induced cytidine deammase (AID), encoded by Aicda, which
is essential for induction of B-cell class. switching and anti-
body affinity maturation (17). (Flg 4). In C57BL/6- Fas~- mice,
Aicda expression in B cells was comparable to wild-type
cells. The expression of Blimp-1, encoded by Prdm7, which
is required for B cells to differentiate into plasma cells (18),
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| = C57BL/G-Fas*

2\
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Fig. 3. Enhanced olass switching and germinal center formatlon in Balb/c-Fas™- mice, (A-C) Flow Cytometnc analysis was performed on sple-
nocytes from 20-week-old BALB/c and C57BL/6 wild-type (Fas*’*) mice, and Fas-deficient (Fas-) mice. Expression of 1gM and IgD (A), PNA
and GL-7 (C) in splenic B-cells (CD3-B220* cells), and of IgG1 in CD3-B220*IgM-IgD- cells (B) were ‘examined. The representative flow cytom-
etry plots and the quantified graphs (the mean value + SD from three mice) are indicated. Statistical significance was determined by Student's
test. *P.< 0.05, n.s., not significant. (D) Frozen sections of freshly isolated spleen specimens were stained with- APC-conjugated anti-lgD. mAb
and rhodamine-conjugated PNA. The representative images of a total of three independent experiments are shown.
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Fig. 4. Spontaneous activation of splenic B cells in BALB/c-Fas™- mice. Total RNA from-splenic: B cells (CD3-B220* cells) in- 20-week-old
‘BALB/c and C57BL/6 w:ld-type mice (Fas**), and Fas-deficient (Fas”’-) mice was extracted-and: sub;ected to. quantstatuve reverse.transcrip-

tion-PCR for the expression of Aicda; Prdm1, Bel6 and 183 rRNA. The mean value + SD from three.

ceineach genotype is shown. Statistical-

significance was determined by Student's ttest. **"P < 0.001, P < 0.05, n.s., not ssgnmcant The presentatlve |mages of two mdependent

experiments are shown.

was also up-regulated in BALB/c-Fas”- mice. B cells from
C57BL/6-Fas™- mice expressed comparably high levels of
Prdm’, even though this was not statistically significant when
compared with wild-type controls (Fig. 4). A transcriptional
repressor in B cells, Bcl-6 (18), encoded by Bcl6, was not
augmented in Fas™- B cells of both strains (Fig. 4).

- These results clearly indicated that B cells were highly acti-
vated, and GC formation and immunoglobulin class switching
were enhanced in BALB/c-Fas™- mice, to which the hyperim-
munoglobulinemia was attributable.

Comparable frequency.of Tfh.cells between BALB/c- and
C57BL/6-Fas- mice

Tfh cells are a distinct subset of CD4* helper T cells that regu-
late the development of antigen-specific humoral immunity by
providing essential help for B cells in GCs and play a critical
role in the development of autoimmune diseases (16). Since
BALB/c-Fas’- mouse B cells showed :enhanced activation

and class switching in GCs, we next investigated the splenic

Tih cell population. As previously: reported, in_jpr mutant Tth cells were stimulated with anti-CD3/anti-CD28 antibodies

~ in.vitro and cytokine ¢concentrations in the culture superna-
“+-tants were measured-by.the cytokine multiplex assay. As for

strains, CD44""CDE2L"" effector/memory CD4* T cells were
abundant in both strains of Fas- mice. at comparable levels
(Fig. 5A). Within the CD44MorCDe2L"" CD4* T cells, we-fur-
ther investigated the' CXCR5Me"PD-1Ma" Tih population (16).
Again, Tth cells were abundant in both Fas”- mice compared
with their wild-type controls (Fig. 5B). Thus, the expansion of
Tth cell differentiation alone does:not explain the augmented
B-cell activation in BALB/c-Fa: i

Qualitative differences in Tfh
C57BL/6-Fas™- mice

Since Tth celis were equally: abunda

oth strains of Fas-

the populations. We examined:mRNA expression in Tfh cells
(CD4+B220-CD44""CDE2L*CXCRE""PD-1"e" cells) freshly
isolated from Fas”~ mice. Both Fas™ mouse-derived Tth

cells expressed.comparable levels. of /121, a characteristic

cytokine: of Tfh cells and essential for B-cell activation in
GCs (16), and Bcl6, a characteristic. and essential transcrip-
“tion-factor for Tfh- cell development (16). Of note, Tfh- cells
from both genetic backgrounds expressed higher levels: of

1121 and Bcl6 compared with non-Tfh-effector T cells (Teff,
CD4+*B220-CD44"e"CDE2L'**CXCR5*PD-1%  cells), indi-
cating Tfh cells were.authentic Tfh cells.. However,-Tth cells
from BALB/c-Fas~ mice ,expressed Slgmflcantly higher
levels of /14 and 1110 than those from C57BL/6-Fas™- mice
(Fig. 6A). These cytokines have essential roles in B-cell acti-
vation, survival and antibody production (19-22). In addi-
tion, high /113 expression was detected in Tfh cells from
BALB/c-Fas™ mice (Supplementary Figure S4A, available
at International Immunology. Online). In contrast, /17 and
Ifng expression were-not increased in Tth cells from BALB/
¢-Fas™- mice compared with Tth cells from C57BL/6-Fas™-
mice (Supplementary Figure S4A, available ‘at International
Immunology Online). This cytokine profile is similar to that
of human T, 2-type Tth cells (18). The expression levels of
Tbx21, Gata3 and Rorc, the master regulator genes for con-
ventional T,1, T,2 and T, 17 cells, respectively, were compa-
rable among the cells (Supplementary. Figure S4A, available
at International Immunology: Online). To examine further the
cytokine production from Tfh cells at the protein level, purified

mRNA expression, Tfh.cells from BALB/c-Fas~- mice, but not
from C57BL/6-Fas™~ mice, produced substantial amounts of
IL-4, IL-10 and IL-13 (Fig. 6B and Supplementary Figure S48,
available at International Immunology Online). Thus, Tfh cells
from BALB/c-Fas™ mice have a stronger B-cell-activating
capacity than those from C57BL/6-Fas™ mice. To examine
the importance of the Fas-deficient'environment in the devel-

- opment of the unique Tfh phenotype observed, in BALB/c-
. Fas™- mice, we immunized wild-type BALB/c and C57/BL6
“ mice with ovalbumin and alum, and Tfh cells were examined
mice, we next investigated g ahtatnvedﬁerences between -

for their mRNA expression. 10 days after the immunization.
The mRNA levels forl4,-1110;-1121-and B¢l6 were comparable
between the Tfh cells from wild-type BALB/c and C57/BL6
mice (data not shown). Thus, T, 2-type Tth cells are uniquely
generated in BALB/c-Fas™~ mice, and the population may be
prone to be eliminated by Fas-mediated apoptosis in a nor-
mal course of the immune response in wild-type mice.

- Taken together, our results indicate "that although both
BALB/c-Fas™- and C57BL/6-Fas™- mice have a comparable
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Fig. 5. Tth cells are comparably abundant in BALB/c- and C57BL/6-Fas~- mice. Flow cytometric analysis was performed on splenocytes from
20-week-old BALB/c and 057BL/6 wild-type (Fas**) mice, and Fas-deficient (Fas~) mice. Expression of CD44 and CD62L in splenic CD4* T

cells (CD3+*CD4+B220- cells) (A

), and CXCR5 and.PD-1 in splenic effector/memory.T.cells (CD4B220-CD44""CD62L cells) (B) were deter-

mined. The representative flow cytometry plots and:the quantified graphs (the mean value + SD.from three mice) are indicated. Statistical sig-
nificance was determined by Student's t-test. **P <'0.001, **P < 0.01. The representative images of three independent experiments are shown.

- frequency of Tfh cells, they are qualitativel
that BALB/c-Fas- mouse-derived Tfh cells
amounts of B-cell-activating cytokines. We
and IL-10 are the candidate cytokines tha
to enhanced B-cell activation and high imm
duction in BALB/c-Fas™- mice: Furthermore, the phenotype
of Tfh cells in BALB/c-Fas~- mice is reminiscent of T,2-type
Tfh cells described in human studies (18).

different, .and

Discussion

I this study, we examined the phenotyplo dlﬁerences of
Fas™- mice with BALB/c and C57BL/6 genetic backgrounds.
BALB/c-Fas mice developed more severe autoimmune
symptoms including hyperimmunoglobulinemia and renal
disease, whereas no difference was observed in tissue
Iymphomflltratlon between ‘these strains. Splenlc B cells in
BALB/c-Fas™ mice were strongly activated, expressed hlgh
levels of AID and dlfferentlated into class- swnc:hed memory
B cells. The GC is an essentlal lmmunologlcal sne for B-cell
class switching and antibody affinity maturation, and BALB/C-
Fas- mice developed GC formation in the spleen In con-
trast CS?BL/G Fas™- mice showed negllglble auto-antibody

production and B-cell activation. These results indicated
that ‘antibody production-mediated symptoms observed in
Fas~ mice were highly exacerbated in mice with a BALB/c
background. It is | recognized that the disease pheno-
type ‘of Fas mutant mice is greatly affected by the genetic

.-background. -Auto-antibody ‘production and renal disease

in’ Fas®® mice with"MRL, C57BL/6, BALB/c, C3H or AKR
backgrounds have been investigated (1-6). However, the
mechanisms involved inthe differences have not been fully
lnvestlgated In this study, we examlned the potentlal cause of
pathological heterogeneity of Fas- mice on dlfferent genetlc
backgrounds. We: showed that Tfh cells from:BALB/c-Fas-
mice have a different cytokine profile compared with Tth cells

from C57BL/6-Fas~~ mice, by producing more 1L-4 and'IL- 10

than those from C57BL/6-Fas™- mice.

The accumulation of Tfh cells in Fas mutant mice was also
reported in previous studies using MRL-Fas®", C57BL/6-
Fas™- or their congenic strains (23, 24). The initiation of Tfh
cells and GC B-cell-mediated responses is not fully. under-
stood. Both Tfh cells and GC B cells may be essential for
the development of each other (16). Regarding.the disease
symptoms in Fas-deficient mice, conditional deletlon of the
Fas gene specifically in B cells or GC B cells reproduces
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the disease phenotype observed in conventional Fas mutant
‘mice, suggesting that B.cells, especially GC B cells, have.an
essential role in initiating the pathology of Fas mutant mice,
as Fas-is highly expressed on GC B cells (23). Even though
B-cell-specific Fas-deficient mice develop autoimmunity
and have early mortality, the rem,oval‘ of T cells or deletion
of CD28 in these mice totally restores the phenotype includ-
ing B-cell activation (23). In addition, deletion of inducible

costimulator (ICOS), which is highly expressed on Tfh cells
and plays a critical role in GC B-cell activation (16), in MRL-
FasP™ mice significantly reduced auto-antibody produc-
tion (25, 26). These studies suggest that although activated
B cells play an essential role in initiating disease, interac-
tions between B and T cells, especially Tth cells in GCs, are
important for the progression of antibody production and the
pathology. Indeed, we previously showed that splenic B cells



from BALB/c-Fas™- and wild-type mice produced compara-
ble levels of IgG1 and IgE in response to IL.-4 and anti-CD40
‘antibody stimulation in vitro (11). This indicates that B-cell-
intrinsic ‘abnormalities alone cannot:explain the hyperrmmu-
noglobulinemia observed in BALB/c-Fas-- mice.

Among the cytokines produced by. Tfh cells, IL-21 is char-
acteristic and important for GC B-cell.survival and differentia-
tion (16, 27). However, even though /121 mice show some
humoral immunity defects, they are still oapab‘le,of«{develop-
ing GC responses (28). Thus, other Tth cell cytokines must
be essential for activating GC B cells. IL-4 .may. be one of
these cytokines; since 1.-4 and IL-21R double-deficient mice
show ' pan-hypogammaglobulinemia indicating - coopera-
tive roles of the two Cytokmes (29). 1L-4 is well recognized
as an |ndrspensable cytokine. for B-cell class swrtchrng to
IgG1 and IgE, of which BALB/c-Fas~- mice produce-large
amounts. In addition, accumutatlng evidence suggests
that IL-4~ produced by Tfh cells, rather than by T.2 cells,

is important for contro!hng humoral rmmunlty (16, 30—32) .

IL-10 is another Tth cytokine (33);-which can enhance.B-cell
antibody :production-(18).. Although 1L-10:is considered an
anti-inflammatory cytokine ‘that ‘is essential for preventing
autoimmunity, 1L-10 also has a B-cell-activating capacity
(21, 22) and some reports. have demonstrated a pathologi-

cal role for IL-10 in-auto-antibody. productron (34,-35). Thus, -

IL-10 could aiso be a predisposing factor for autoimmunity
in some disease settings. Taken together we propose that
IL-4 and IL-10 produced by Tfh cells are. the likely causes of
high-GC formation.and the severe autoimmune phenotype in
BALB/c-Fas-mice.

Tth cells are considered a heterogemc populatron which
can be further divided into séeveral cell types depending on
their_cytokine, chemokrne or chemokine receptor profiles.
Although Tth cells can produce the T 1 cytokine IFN-y:(36),
T,2 cytokine 1L-4+(19, 20, 30), or T, 17 ‘cytokine IL-17(37) in
certarn conditions, the presence of specialized T,1-, T,2- or
T,17-type Tth cells:is still controversial (16). However Morlta
et al. (18) clearly showed that circulating human T cells
can be classified into the three subtypes, T.1, T,2-or T,17
type depending -on ‘their “unique cytokine and chemokme
receptor profiles oharactenstro for conventlonal T.1 T 2 and
T,17 cells, and which differentially help B-cell antrbody pro-
ductron The high IL-4, as well as IL-13, production of Tfh
cells from BALB/c-Fas™- mice suggests they are similar to
human T,2-type Tth cells. This similarity is also seen in their
B-cell- he|p|ng capacrty BALB/C Fas- mice- showed “high
igG1, IgG2a and IgE. Ieve!s inthe sera,;and human T, 2-type

Tfh cells preferentially help B cells'to produce 1gG: and IgE.

antibodies (18). Interestingly, Morita et al. (18) also’ showed
that T7,2- and T, 17- 4ype Tfh cells are more pathogenic than
the T, 1 type, and skewmg of Tth-cells toward T,2.and T,17
types correlates with drsease .activity in-an autormmune drs~
ease, juvenile dermatomyositis Furthermore, T,2-type Tth
cells have been reported in mice, where IL-4-producing Tfh
cells contribute.to immunity against. helminthic infection by
promoting IgE production (19, 20, 30). These reports sup-
port our hypothesis that the pathological heterogeneity of
the autoimmune phenotype between BALB/c-Fas’- and
C57BL/6-Fas™- mice is ascribed to their different Tfh cell
populations. The accumulation “of T 2-type Tth cells also
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explains the unique allergy-like phenotype of BALB/c-Fas-
mice. We reoently identified a novel innate cell popuiatron
Fas-expressing natural helper (F-NH) cells, which are abun-
dant in BALB/c-Fas™- mice and enhance B-cell IgG1 and
IgE production in the presence of IL-4 (11). F-NH cells may
also enhance IgG1 and IgE production in vivo, although the
source of IL-4 was unclear (11). The IL-4- producrng Tthcells -
and F-NH cells may cooperate to augment serum IgG1 and

IgE levels and exacerbate the allergy- -like phenotype Wthh

is uniquely observed in BALB/c-Fas™-r mice (9).

The human FAS or FAS-related molecule deficiency, ALPS
is characterized by |ymphadenopathy, splenomegaly and
hypergammaglobulinemia, which are also observed in Fas
mutant mice (12, 13). Similar to Fas mutant'mouse ‘models,
disease severity differs .among patients-and, more impor-
tantly, some, but-not all, /ALPS .patients manifest-eosinophilia -
and ‘increased serum IgE ‘levels (14). "ALPS patrents with
eosinophilia show a ‘higher mortallty rate than those with-
out eosinophilia (14). Although the etiology of eosinophilic
ALPS is unexplained, .our results may aid our understanding.
Disease heterogeneity might be explained by the accumu-
lation of ‘pathogenic’ Tth cells. In addition to ALPS, several
human diseases, especially auto-antibody-mediated dis-
eases, such as SLE or rheumatoid arthritis, can be caused
by the. dysregulation of Tfh cells:(38). It-was reported that -
serum concentrations of IgE and anti-dsDNA antibodies were

) assocrated with disease seventy in SLE patrents (39 40). Our

results. may also provide an important bridge. between Tth
phenotype and disease heterogeneity among pattents suffer-
ing from auto-antibody-mediated diseases.

In-addition ‘to Fas mutant ‘mice, several gene-targeted
mice have been back- crossed onto both the BALB/c. and the
C57BL/6 background. In some cases, the. differential genetic
backgrounds have a huge ‘impact on- their phenotype. The
BALB/c backgroundis not -as autoimmune prone compared
with the C57BL/6 background. ‘For instance, Ship1-- mice
show a more severe autoimmune. phenotype -such-as auto-
antibody: production and_glomerulonephritis on'the C57BL/6
background compared with the BALB/c background (41). In
addition, €57BL/6-Fcgr2b-- but not BALB/c-Fcgreb- mice
develop severe autoimmune disease (42). “The complex com-
bination of the presence of predisposing factors and absence
of protecting factors may explain disease susceptibility and
exacerbation in different strains. However, as none of these
studies documented direct target genes affecting the pheno-
type, it remains unclear which genes or loci actually influence
the  different- phenotype: between -BALB/c- and  C57BL/6-
Fas~- mice. Future-studies using gene mapprng may-uncover
the real target(s) of disease exacerbation or protection due to
background genotype.

In summary, we showed that BALB/c and CS7BL/6 Fas-

mice develop asubstantially: different:phenotype in “their

disease severity. The accumulation of ‘qualitatively ‘differ-

“ent Tth cell populatrons may. in part ‘explain the aggressive

phenotype of BALB/c-Fas™- mice. C57BL/6-Fas™-'mice, in
which Tfh cells also-accumulate, show a much milder phe-
notype. Thus, we hypothesize that * pathoge’nic T, 2-type Tth
cells or their cytokines are attractive candrdate therapeu—
tic targets .in antibody production-mediated autoimmune
diseases:
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Abstract

- Background 1L-33 is a new tissue-derived cytokine con-
-stitutively expressed in epithelial cells and plays a role in
sensing damage caused by inflammatory diseases. The
function of IL-33 in the esophageal mucosa has not been
previously described. Accordingly, we examined the
expression of IL-33 and its role in the pathogenesis of
reflux esophagitis (RE). ;
Methods 1L-33 in the esophageal mucosa of RE patients
and in an in vitro stratified normal esophageal squamous
epithelial model was examined at the messenger RNA and
protein levels. The correlation of the level of IL-33 and IL-
8 or IL-6 was examined. Cell layers were stimulated with
bile acids and cytokines. IL-33 was knocked down by small
interfering RNA (siRNA). Pharmacological inhibitors and
signal transducer and activator of transcription 1 (STAT1)
siRNA were used.
Results IL-33 was significantly upregulated in RE
patients, and was located in the nuclei of basal and su-
prabasal layers. Upregulated IL-33 messenger RNA
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expression was correlated with IL-8 and IL-6 expression.
In vitro, 1L-33 was upregulated in the nuclei of basal and
suprabasal layers by interferon-y (IFNy), and the upregu-
lation was aggravated by the combination of deoxycholic
acid (DCA) and IFNy. 1L-33 knockdown dampened IFNy-
and DCA-induced IL-8 and IL-6 production. IFNy-induced
IL-33 was inhibited by a Janus kinase inhibitor, a p38
mitogen-activated protein kinase inhibitor, and STATI
SiRNA.

Conclusions Nuclear IL-33 is upregulated in erosive
mucosa of RE patients and.is correlated with IL-8 and IL-6
levels. The normal esophageal epithelial model enables us
to show for the first time that epithelial-cell-derived nuclear
but not exogenous IL-33 is located upstream of the pro-
duction of inflammatory cytokines and can aggravate the
inflammation.

Keywords IL-33 - Reflux esophagitis - Inflammation -
Epithelial cell
Introduction

Recent studies have provided a new view of the patho-
genesis of gastroesophageal reflux disease (GERD),

namely, that cytokine-mediated rather than direct caustic

acid mediated injury causes reflux esophagitis (RE) [1].
Accordingly, several studies have investigated inflamma-
tory mediators in RE and their impact on esophageal
motility, fibrosis, and carcinogenesis [2]. Esophageal epi-
thelial cells which are directly exposed to intraluminal
stimuli have been shown to produce inflammatory cyto-
kines such as IL-8 and IL-6 following stimulation by acid,
bile acid, or trypsin, and these cytokines initiate the
inflammation process [3-5]. These data indicated that
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esophageal epithelial cells may work not only as a barrier,
but may also actively partrcrpate in the pathogenesis of RE.
A new tissue- derlved cytoklne, IL-33, has been descrr-
bed that is constrtutlvely expressed in the endothellal cells
and epithelial cells of tissues exposed to the environment
[6]. IL.-33 acts as both a tradltronal cytokme and a chro-
matin- assocrated nuclear factor in both ‘innate and adaptive
immunity [7-10]. The C- termmal IL 1-like cytokme
domain of IL-33 can brnd to the transmembrane protein
ST2, an 11.-33 receptor,_ extracellularly Blndmg is followed
by activation of nuclear factor kB (NF—KB), then induction
of IL-6 and IL-8 in eprthehal cells such as keratmocytes [7]
and conjunctive epithelial cells [8]. The N-terminal
homeodomain-like helix-turn-helix of IL-33 can interact
with chromatin, affecting chromatin compaction [9]. A
recent study showed that nuclear IL-33 can bind NF-kB
directly, thereby regulatrng gene transcnptlon [10].
' Although IL-33 is highly expressed even in the gut [6], and
its expression is 1ncreased in inflamed tissues in gastroin-
testinal drseases, such as ulceratrve cohtrs [11, 12], the
- intracellular function of IL-33 i in the gut is unclear and its
expression in esophageal eplthehal cells has never. been

studied. Furthermore, whether or not IL-33 participates in

the pathogenesis of RE and. interacts wrth other cytokines
" has never been mvestrgated '

In this. study, we 1nvest1gated the expressron and -the
localization of IL-33 in human esophageal biopsy samples
from patients with RE along with control esophageal tis-
sue. We used a three—dlmensronal stratrﬁed squamous
eprthelral model usmg a lme of normal human esophageal
epithelial cells (HEECS) estabhshed by us [13] to investi-
gate the functron of IL-33 in esophageal ep1thellal cells.

Methods
Human endoscopic biopsies

Twenty consecutive patients with visible erosive RE
according to the Los Angeles classification and 20 controls
matched. by age and gender were recruited at Hyogo Col-
lege of Med1c1ne (between 2012 and 2013) (Table Sl)
Exclusion criteria for all partrcrpants ‘were as follows
intake of nonsterordal ant1~1nﬂammatory drugs, cort1co-
ster01ds, ant1allerg1c drugs, or other. 1mmmunosupress1ve
drugs in. the preceding 6 months; allergy or inflammatory
bowel diseases. Endoscopic blopsy samples were taken
from erosive mucosa of the distal esophagus and unaf-
fected mucosa of the middle (approximately 35 cm from
the incisor tooth) esophagus of RE patients and from the
distal esophagus of subjects in the control group. One
biopsy sample was immediately stored in RNAlater (Qia-
gen, Hilden, Gennany) and was maintained at.—20 °C

until the measurement of messenger RNA (mRNA). One
biopsy sample for rmmunoﬂuorescence staining was ﬁxed

‘with 10 % neutral formalin and embedded Ain- paraffin.

Patient anonymity was preserved Thrs study ‘was. .per-

formed in accordance wrth the Declaratlon of Helsinki and

was approved by, the Ethlcs Commrttee/Instrtutronal

Review Board of Hyogo College ,of Medlcme, Japan (no.
'174). The subjects gave written informed consent..

Reverse transcription quantitative PCR

Total mRNA was extracted according to the manufac-
turer’s instructions using Trizol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA). Contaminated DNA
was cleared by RNase- free ‘DNase. treatment (Qragen)
Complementary DNA ‘was synthesrzed using a high-
capacrty complementary DNA reverse transcription (RT)
kit (Applled Brosystems, Foster City, CA, USA). Quanti-
tative PCR (qPCR) was performed usmg a PCR master mix

in a 79OOHT fast real- trme PCR system- (Apphed Brosys—

tems) T he TaqMan probe and primers for IL-33 (accession
no. H500369211 Applied Brosystems), IL-8 (accessmn no.
Hs00174103; Apphed Brosystems), and IL 6 (accessxon

no. HsOO985639 Apphed Brosystems) were - assay-on-

demand gene expressron products. The GAPDH gene
(accession no. Hs02758991; Applied Brosystems) was used
as the endogenous control. The thermal cycler conditions
were as follows: 2 min at 50 °C, 10 min at 95 °C, followed
by 40 cycles of 15 s at 95 °C for denaturing and 1 min at
60 °C for annealing/extension. All procedures were repe-
ated in trlphcate Amphﬁcatron data were analyzed with
Sequence Detection System version 2 2 (Applied Brosys-
tems) The AACT method recommended by the ‘manufac-
turer was used to compare. the relative expression: levels.

Immunofluorescence staining

Parafﬁn embedded sections 4 um thick) of the esophagus
were. deparafﬁmzed heated :in citrate buffer (pH 6.0) for.
epitope retrreval and then cooled at room temperature for
50 min . before blocking with phosphate -buffered saline
contammg 1.0 % bovine serum albumin:and 0.05 % Tween
20. The sections were incubated wrth punﬁed anti-IL-33
polyclonal antibody (rabbit IgG), prepared in our labora-
tory as described previously [14], at 4 °C overnight. Sub-
sequently, the sections were reacted with biotin- conjugated
goat anti-rabbit IgG (Vector Laboratory, Burlingame, CA,

USA) at room temperature for 30 min, and were then

visualized using AlexaFluor 594 conjugated streptavrdm
(Llfe Technologres Carlsbad CA, USA) at room temper-
ature for 30 min. After mounting. with ProLong Gold an-
tifade mountant with 4',6- dram1d1no-2-phenyhndole (Life
T echnologles), ‘the . -sections were examined -under a
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" ‘microscope (Zeiss LSM 510; Carl Zeiss, Thornwood, NY,
"USA). Computer software (ZEN 2011; Carl ZEISS) was
~used for image processing and analysis.
“The fluorescence intensity of I1.-33 was determined by
“ measuring the average pixel intensity in a region of interest
using ZEN 2011. Each average pixel-intensity value was
“corrected for the background intensity', and then the mean
intensity of three sections per sample was used as the average
intensity. The evaluation was done by two independent
observers (K.Y., T.M.) blinded to the group assignment.

Cell culture

"HEECs were purchased from ScienCell Research Labora-
tories (Carlsbad, CA; USA). For air-liquid interface (ALI)
culture, Transwell clear wells (Costar, Cambridge, MA,
“USA) were coated with collagen, human fibronectin, and
bovine serum albumin. The cells were cultured in epithelial
“cell “medium-2 - (ScienCell Research  Laboratories) and
subcultured in Transwell clear wells until approximately
80 % confluence. ALI culture was then conducted as
described in detail previously [13, 15, 16]. The stratified
- squamous epithelial model was ready after 10 days of ALI
culture. For' monolayer culture; HEECs were cultured in
epithelial cell medium-2 in a 96-well plate Passages 3-7
‘were used for this study

; Reagents

Interferon-y (IFNy), [L-18, TNF-o, and IL-33 were pur-

“chased” from R&D Systems’ (Minneapolis, MN, USA).
Deoxycholic'acid (DCA) was purchased from Wako Pure
Chemical * Industries (Tokyo, Japan). Chenodeoxycholic
acid (CDCA) was purchased from Sigma (St Louis, MO,
USA). Soluble ST2 (sST2) was purchased from Enzo Life
Sciences (Farmingdale, NY, USA). JAK inhibitor I (an
inhibitor or Janus kinases), SB203580 [a p38 mitogen-
‘activated protein kinase (MAPK) inhibitor], and H89 [a
protéin ‘kinase A (PKA) inhibitor] were ‘purchased from
Calbiochem ~ (Milan, Ttaly). Epigallocatechin gallate
(EGCG) [a signal transducer and activator of transcription
‘1 (STAT1) inhibitor] “was purchased from Wako Pure
Chemical VIndustries Ltd.

Construction of expenmental model and Vanous
treatments

In' the ALI-cultured model, each well had an apical and
‘basal compartment; the apical compartment represented the
luminal ' side of the esophagus, whereas the basal com-
partment represented the subepithelial side. Cells were
‘incubated in serum-free medium without bovine pituitary
extract for 24 h before stimulation. HEECs were stimulated
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from the basal compartment by IFNy (30 ng/ml), IL-1f
(10 ng/ml), and TNF-a (20 ng/ml), or from the apical
compartment by acidified growth medium (pH 1, 2), acidic
DCA (400 pM, pH 6.5), and acidic CDCA (400 uM, pH
6.5) for the indicated time. Blocking experiments were
performed by preincubation with JAK inhibitor I
(0:2-2 pM), SB203850 (20-40 puM), and EGCG (20 puM)
from the basal compartment for 60 min. IFNy (30 ng/ml)
was then added to the basal compartment for the indicated
time in the presence of pretreatment 1nh1b1tors Each
experiment was performed in triplicate.

Western blot analysis

Cells were collected after stimulations, and the protein was
extracted by reduced lysis buffer [60 mM tris(hydroxy-
methyl)aminomethane-HC1 (pH 6.8), 10 % glycerol, one
tablet of protein inhibitor] for the total fraction. Protein
concentrations were determined by a Bradford assay kit
(Bio-Rad Laboratories, Hercules, CA, USA) according to
the manufacturer’s instructions.

Equal quantities of protein were separated by electro-
phoresis on 10 % sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels. Gels were transferred to nitrocel-
lulose membranes (Hybond ECL; GE Healthcare UK, Little
Chalfont, UK). The membrane was incubated with goat
anti-1L-33 (R&D Systems) at 1:1,000 or mouse ahti—B~actin
(Cell Signaling) at 1:1,000 OVernight at 4 °C. After the
incubation with the appropriate secondary horseradish
peroxidase conjugated IgG antibody (R&D Systems) for
2 h at room temperature, the membrane was detected with
an ECL-Plus western blot detection system (GE Healthcare
UK) according to the manufacturer’s instructions. All
experiments were performed at least three times. The results
of a typical experiment are shown. The western blot bands
were analyzed by Imagel (Bio-Arts, Fukuoka, Japan). k

. Measurement of cytokines

IL-8 enzyme-linked 1mmunosorbent assay (ELISA)
(KHCOOSI Invitrogen), IL-6 ELISA (KHRO0061; Invitro-
gen), and Bio-Plex human cytokme 27-plex panel (Bio-Rad
Laboratories) were used according to the manufacturers’
instructions to measure the levels of cytokines and che-
mokines. Medium in the basal compartment in the ALI-
cultured model and the culture supernatant in the mono-
layer model was centrifuged to remove cellular debris, and
was then stored at —80 °C until analysis.

Small interfering RNA

For small interfering RNA (siRNA) silencing, human IL-
33 and STAT1 ON-TARGETplus SMARTpool siRNA,



