also involved in responses against C. rodentium. The bacterial
burdens in the colon after infection with C. rodentium showed
similar increases in i1 7f77, [l 7a™~, and N1 7a"~ 1117~ mice,
indicating that deficiency of just one of the IL-17 proteins results
in full susceptibility to C. rodentium infection. Notably, spleno-
megaly and colon hypertrophy, which are associated with severe
colonic inflammation, were rore pronounced in HE7f7‘ mice
than in #17a~/" mice, suggesting that IL-17F is more important
than IL-17A in protecting colonic epithelial cells from the patho-
genic effects of this bacterium. The observation that both (L-17A
and IL-17F are required for the protection against C. rodentium
mabkes clear contrast to the case of S. aureus, infection in which
either IL-17A or IL-17F is enough for the protection, suggesting
that the defense mechanisms against S. aureus and C. roden-
tiurn infection are different.

We found that B-defensin production was impaired in the in-
fected colons of i17a™'~ and i1 71/~ mice, suggesting both 1L~
17A and IL-17F arerequired for the induction of these molecules
in vivo, although either IL-17A or 1L.-17F alone can promote fi-de-
fensin production from ECs (Kao etal, 2004; Liang et al.; 2008}
Because p-defensins: play - an’ important  role  in immune
responses against thegse pathogens (LeBlanic et at., 2008; Sim-
mons et ak, 2002); it seems likely that the defect in §-defensin
production contributes 16 the increased susceptibility of 1787/~
and 17/~ mice to C. rodentium. Although these in vivo data
may suggest possible synergistic: action between IL-17A and
IL-17F in the defense against C. rodentium, we could: not
observe any synergism between these molecules in vitro with
a colon epithelial cell line as the target, suggesting that the
response of this cell line may be different from colon defensin
producer cells invivo: We also could not observe any synergism
between IL-17A and ILA17F in vivo in: the protection against
S. agureus. I1L-17A and IL-17F are not required for sdaptive
immune responses: against C. rodentium; because C. roden-
tivm-specific Aby production in I17f-7~, M7a~", and 1727
77 mice was normak

We found that IL-17A and IL-17F producer cells in the colon
are different; IL-17F is primarily produced by: colonic ECs and
innate immune cells, whereas the major part of [L-17A is
produced by Rag2-dependent cells that are likely to be Thi7
celis. Furthermore, our data: show that IL-17A production is
markedly induced after bacterial infection; wheteas the induction
of IL-17F was not so prominent in infected colons: These obser-
vations: suggest that colonic EC- andfor innate immune cell-
derived - IL-17F. induce  antimicrobial peptides in. the ECs,
providing: protection - against initial . bacterial . invasion  and
dissemination. This differertial action of IL- 17A and IL-17F and
also the apparent synergy betwesen these two molecules in
inducing: defensins may explain why these two cytokines are
not complementary in the colonic C. rodentium infection.

1t was reported that Il17ra~'~ mice show ulcerative syndrome
around mucous membranes of the mouth and eyes as a result of
colonization of staphylococcus: species (Schwarzenberger and
Kolls, -2002).. These ' phenotypes closely resemble - those
observed in 11727 i17f7" mice, suggesting that IL-17RA Is
involved in both IL-17A and IL-17F signaling. However, we found
that {L-17RC is highly expressed in cofonic epithelial cells,
whereas IL-17RA Is preferentially expressed 'in immune cells
such as macrophages and T cells. Because the binding affinity

116 immunity 30, 108119, January 16, 2009 &2009 Elsevier inc.

Immunity
Roles of IL-17F and IL-17A in Immune Responses

of IL-17F to IL-17RA s much lower than that of IL-17A (Hymowitz
etatl,, 2001; Wright et al., 2008), and only IL-17F binds to IL-17RC
in the mouse {Kuestner et al., 2007}, it seemed likely that IL-17A
and 1L-17F differentially use these receptors. in suppont of this
notion, we showed that the effects of IL-17A and IL-17F are
different among colonic epithelial cells, macrophages, and
T cells; both IL-17A and IL-17F can induce neutrophil chemoat-
tractants and p-defensins in colonic epithelial cells, whereas only
iL-17A can efficiently induce cytokines in macrophages and
T cells. These observations suggest involvemert of other forms
of receptors than IL-17RA-IL-17RC heterodimer complex in
the colon. Indeed, IL-17RA and IL-17RC may also form homo-
dimers (Kramer: st al,, 2006}, and IL-17RA interacts with IL-
17RB for 1125 signaling (Ricks! et al., 2008} Thus, in addition
o the difference of producer cells, celi-type-specific IL-17
receptor distribution and the different binding affinities of IL-
17A and IL-17F for these receptors may explain why IL-17A is
important in both allergic and host defense responses and IL-
17F only contributes innate immune responises in epithelial cells.

A recent study of #1227~ and #17rc™'" mite, which do not
respond to IL-17A or IL-17F, demonstrated that 1L-22, but not
{L-17A and IL-17F, expressed in response to 1L-23 is essential
for the early host response against C. rodentium {Zherg et al.,
2008). 1L-22 is produced by innate immune cells, such as
dendritic cells, during the C. rodentium infection and induces
the expression of Reg-family antimicrobial proteins in colonic
ECs (Zheng ef al, 2008). These obsewvations with #{7re™"
mice apparently: contradict our results that both IL-17A and
{L-17F are involved In the host defense against C. rodentium,
although our-data are compatible with the involvement of 1L~
22, Further studies to elucidate the relationship between ligand
and receptor in:the IL-17 systerm and relative contribttions of
the bacterial and mouse strains. are needed to address these
issues. Furthermore, it remains to be investigated whether other
[E-17Aand: [L<17F-producing cells than ECs and Th17 cells,
suchas v& T cells (fvanov et al., 2006; Yang et al., 2008}, granu-
locytes (Hue et al.,; 2008}, monocytes (Hue et al., 2006}, or mast
cells {Kawaguchi et al., 2004}, are also involved in host defense
against C. rodentium.

In conclusion, we have demonstrated the different contribu-
tions of IL-17F and IL-17A in allergic responses and proteclion
against bacterial infection. Our findings provide insights into
the ‘molecular mechanisms of IL~17A- and {L=17F-mediated
responises and should be useful to the development of new ther-
apeutics for allergic diseases and bacterial infections.

EXPERIMENTAL PROCEDURES

Mice

#1267 and 173 U176 mice wers ganerated as shown in Figure ST
Hi7a7'" (Nakae et al, 2002), 1767, and 1172 7T mice ona 1207
Ol x C57BL/64 background, or mice backerossed to CSTEL/SJ (Nihon
SLC} or BALB/cA mice (CLEA Japan) for sight or four génerations, mepec-
tively, were used as described. The sexes and ages (2-3 monihis oid} of the
mice were matched in all expermental groups. HIZE i~ and 172
i im T mice were produced By crossing HI7E T and itra Lt
mice with iim " mice. which were backcrossed for eight generations to
BALB/CA mice (Horai et al. 2004). Rag2 " mice were obtained from the
Central- Institute for Expermental - Animals. Ca3H/Med and- C3HMeN or
C.B.-17 8CID mice were purchased from Nikon SLC or CLEA Japan, respsc-
tively."All 'mice were ket Under specific: pathogen-frée conditions’in'an
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envirormentaly controlled cleanroom at the Center for Experimental Medicine
{Tre Institute of Medical Science, University of Tokyol. The experiments were
conducted according to the hstiutional ethical guideines for animal experi-
ments and the salety guidelines for gene manipulation experiments.

GCell Isolation

Thy12%, CD4*, B220°, CD11¢7, and CD11b™ cells were isolated from spleens
with an autcMACS (Miltenyi Biotec) after being stained with microbead-
conjugated ant-mouse Thy1.2, CD4, B220, CD11c, and CD11b mAbs (Mike-
nyi Biotec), respectively, according to the manifacturer’s instructions. For
isolation of thioglycollate-elicited peritoneal macrophages; mice were injected
intraperitoneally with 2 mi of 4% thicglycoliate (Missul), and peritoneal cells
wers collected by washing with PBS 4 days after infection.

Celt Culiure

The mouse T cell line {BWE147), B cell ine X5563}, macrophage cell ine
{RAWZB4), and cobonic epithelial cel line {CMT93 or ColonZ6} were cultured
with RPMI 1640 (Sigma} containing 10% FBS. The mouse dendritic cell fne
(DCZ 4} was cultured with RPMI 1640 containing 10% FBS, HEPES. ‘and
nanessential amino acids {GIBCO). Forthe measurement of cytokines, chemo-
Kkines, and antimicrobial peptide amounts, CMT92 cels, pertoneal macro-
phages, of CD4" T cells were treated with B-250 ng/ml recombinant mouse
1L-17A or iL-17F (R&D systems} for £-48 hr.

tdeasurement of Cytokines, Chamakines, and Antigen-Specific Igx
Concentrations of IFN-y. [L-8 {OptEIA Kit, BD Phariingen), IL-17A.and IL-17F
({DuoSet ELISA kit RSD systema) in culture supematants were determined wih
ELISAE acoording to the manufacturer’s instructions. 1o, IL-1E IL-8, 1470,
L-12/23 40, IL<12 p70 113, GLCSF, GM-CBF, I, CXCLY, COL2, CCLS,
CCL4, and COLS amounts inculiure supernatants were measured by the Bio-
Pley. system (Bio-Rad} following the manufacturer's nstrictions. €. roden-
thum-specific 1g amounts in sera were measured as described previously
(Bry aivd Brénsier, 2004},

Flow Cytametry

Cels were simudated: with 50 nig/mi PMA (Sigmaj.: 500 ng/ml ionomycin
(Sigmay, and’ 1 M monensin (Sigma) for § hr. Intracelular cytokine staining
was performead as described previously (Komivama et ali, 2008} Cells were
treated with antbmotse CU16 and CD3Z mabs (2.4G3) in 'staining bulfer
{HBSS comaining 29 FCS and 0,196 soditm azide) to block FcR binding
and then stainsd with APC-anti-CD4 mAbs (GK1.5; Bictegend), Afterwashing,
the cells were fixed with 4 % paraformaldehyde. After washing with permeabi-
lization buffer (0.1 % saponin [Sigma} in staining bufer}, cells were incubated
with PE-ant-mouse [FN-y mAbs (XMGE 127 BD PharMingen); PE-anti-mouse
L-17A mAbs (TC11-18H10; BD PharbMingeny. or goat antisnouse IL-17F poly-
clonal Abs (AF2057 o BAF2057; R&D systems). For secoirdary staining, we
used Alexa Fluor 488-anti:goat IgG (A-11055; InvErogen), PE:anti-goxt 1gG
&anta Cruzj, or FITC-streptavidin (BD Phardingsry The cells were analyzed
on'a FACSCalibur system: (Becton Dickinson) and data: were analyzed with
Fowdo software {Tree Stary

Real-Time RT-PCR

Total RNA was extracted with Sepasol reagent (Nacalal Tesque} according to
the manufacturer’s: instrustions. RNA was denatured in the presence of an
oligo dT: primer and then reverse transcribed with the High Capadity cDNA
Reverse Transcrption Kit {Applied Biosysterms). Quantitative. real-time RT-
PCRs were performed vith 2 SYBR Green gPCH kit dnvitrogen) and aniCycler
system {Bio-Rad) with the sate of primers descrbed in Table &2,

Clinical Assessment of Arihritis

Arthritis development in 11 mice was monkored by macroscopic evalua-
o as destribed previously (Horal et al,, 2004y Arthreis development in each
paw was graded by masroscopic evaluation as follows: 0, no change; 1, mild
swalling: 2, obvicus joirt swefiing; and 3, severe joint swelling and ankylotic
changes:

S. aurevs infection

Bacteria' S. arreus 834 was prepared as described {Nakane et al,, 1995}
Bacteria were cultured on tryptic soy sgar {Ditco) for 12 br at 37°C, inoculated
into tryptic soy broth {Difeo), and incubated for another 12 hr. The organisms
were collected by centrifugation and resuspended in PBS, The concentration
of resuspended cells was adjusted spectrophotometrically at S50 nm. Mice
were infected intravenously with 200 pt of a solution containing 1 X 107 CFU
of viable S. aureus cells in PBS. For determination of the bacterial burden in
the infected tissues, kidneys were hormogenized, and diuted in 10-fold steps
insterile PBS. Bacterial CFU was determined by plating each dilution on tryptic
soy agar after culture for 12 hrat 37°C.

€. rodentium Infection

C. rodentium infections were performed as descrbed previously {Nagai stal,
2008} In brief, 120/Cla » C57BLBJ mice were inoculated with 200wl of
abagterial suspension (2 X 10° CFUMead; via an oral gavage. For the calony
formation gssays, colons were harvested and homogenized, and: sedally
diluted homagenate's were plated on MacConkey agar (Difco}, For histologicel
analysis, colons were tixed with 4% paraformaldehyde in PBS at 4°C overnight
and frozen in tissue-freezing medium (Lelca Jung). Frozen: sections were
prepared and stained with anti-C.’ rodentium sera as desciibed previously
{Magal et at.,, 2008).

Statistics

Unkess othenvise specified, all results are shown as mean and the standard
error of the mean (SEMj. Unpaired Student’s  fests, Mann-Whitney's U tests,
or % tests were used {0 sfatisically analyze the results. Differences were
considered significant at p < 0.05:

SUPPLEMENTAL DATA

Supplemental Data include ten figures; two tables, and Supplemental Experi-
reental Procedures and can be: found with this arlicle online at hitp:ifvayw.
nunity, comvsupplermenial/S1074-7613(08)00554-2.
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Zinc transporter Znt5/Slc30a5 is required for
the mast cell-mediated delayed-type allergic
reaction but not the immediate-type reaction
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Zinc {Zn} is an essential nutrient and its deficiency causes immunodeficiency. However, it
remains unknown how Zn homegstasis is regulated in mast cells and if Zn transporters are
involved in allergic reactions. We show that Znt5/Sic30a5 Is required for contact hypersen-
sitivity and mast cell-mediated delayed-type allergic response but not for immediate
passive cutaneous anaphylaxis. In mast celis from Znt5~/— mice, Fce receptor I (FeeRi}~
induced cytokine production was diminished, but degranulation was intact. Zntb was in-
volved iy FeeRl-induced transfocation of protein kinase C (PKC) to the plasma membrane
and the nuclear translocation of nuclear factor «B. In'addition, the Zn finger~like motif of
PKC was required for its plasma membrane transiocation and binding to diacylglycerol.
Thus, Znts is selectively required for the mast cell-mediated delayed-type allergic response,
and it is a novel player in mast cell activation.

Zine {Zn} is one of the essential trace elements.
It is a stractural consponent of 2 great number
of proteins, including enzymies and transcrip-
tion factors, and it is essential for thelr hiologi-
cal activity (£, 2}, Zn has a variety of effects
in the iminune svstem (3% Zn-deficient niice
have defects i natarad killer cell-mediated o~
tatoxic activity, antibody-niediated: résponses,
host defense against pathogens, and tumors (465
Ir contrast; Zn itself is cytotoxic, and it induces
apoptosis in T and B cells (71 Therefore, ells
have evolved & complex system 6o maintain 1
balanice of Zu uptake, mtracellular srorage; and
efflux {8=11). Two solute-lmked carnier. {Slc}

cytoplasmic Zn availabilicy by promoting ex-
traceflular Zn aptake and Zn release from com-
partaents into the cytoplasm.

Zn hus alto been implicated as an intracel-
iufar signaling molecale (14-17). A nematode
ZnaT 1 orthologue, COFL positively, atffects
Ras-extraceliular signab-regulated kinse (ERK)
signal transduction {18) Sle39a7/Zip7 was found
o affect epidermal growth, factor/insulin-like
growth “factor signaling and’ tamoxifen: resis=
tance’ of breast cancer cells {19} We showed
that Sle3Pac/Ziph/Livt controls the nuclear
focalization of the Zn' finger transcription fac-
tor Snail (2000 In addivion, Toll-like receptor

protein families have been identified in Zn
transport: the Zn trimsporter {Zng)/Sle3C and
ZRTART-related protein (Zipl/SIlcas (8, 1113},
Znt ansporters reduce cytoplasmic: Zi avail-
ability by promoting Zn effux from the cyto-
plasny into the extracellular space or intracellular
compartments. The ' Zip: transporters. increase

K. Naushids and A Hasegawa contributed 2qually s dhis paper.
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4-mediated DC matoration i, at least in part;
dependent on a Toll-like receptor 4-induced
decrease in intracellular free Zn effecteéd by 2
change in the gene expression profile of Zip

1351

aLne ‘gz Aenited uo Blossasdnrwal wol paproumoc

bup:p‘ﬁm:m Masterial san be fouad
pRphenraoress., 3

2D0R25330CT




and Znt family members (21}, Furthenmore, in mast cells,
Fee receptor 1 (FeeR1) stimulation induces an increase in in-
traceliufar free Zn, a phenomenon calied the “Zn wave”
£22), These results support the idea that Zn is invelved in in-
traceliular signaling and lead to the prediction that Zats have
roles not only in maintaining Zn homeostasis but also in in-
tracefular signaling events (17). Along these lines, we pre-
viously showed that Zn might be required for mast cell
activation in allergic responses; the Zn chelator TPEN
(NN, N N-terrakis. (2-pyridylmethyl) ethylenediamine} in-
hibits FeeR I-mediated NF-xB activation and degranulation
in mast cells (23). Al of these results suggest that Zn has piv-
otal roles in mast cell funcrion. However, it repains com-
pletely unknown how Zn homeostasis is regulated In mast
cells and if Zngs are involved in mast cell functon.

Mast cellsare major players in alfergy responses such as im-
miediate- and delayed-type hypersensitivity reactions (24-26).
Passive cutaneous anaphylaxis (PCAY and contact hypersensi-
tivity {CHS} are nouse models for in vivo immediate-type and
delayed-type reactions, respectively {27-29). FeeR1 simuk-
tion activates several downstream pathways that initiace the o-
lergic inflammatory pracess by eficiting mast cell degranulagion
accompanied by the rapid release of preformed chemical me-
diators such as histamine and seroronin. This process plays crit-
ical roles in the mmediate-type allerzic response. In contrast,
the mast cell-medisted delaved responses and IoE-induced
chronic allergic imflammatory processes are nuinly dependent
o cytokine production (311, 31}, One Important guestion in
st cell biology is how the early sionaling events after FeeR1
stinnudation are integrated and how specific mast cell responses,
such as immedtate degranulation versus 1 delaved-type allergic
reaction; are selected. It would be helpful to understard these
mechanisnis because the identification of molecules that selec=
tively regulate specific mast cell effector fnctions could pra-
vide targess for therapies for muast cell-mediared diseases.

FeeRI simulation can induce the de novo synthesis of
prointlammatery cytokines sach as 1L=6 and TNF-a {32, 33}
tn particular, both calciun and diacylglycerol (DAG) sctivate
conventional pratein kinase C (PKC) isoforms that mediate a
critical positive signal necessary for cytokine production. in
nuast cells (34, 35). In additon, conventonal PKCy have two
regions in' their regulatory dommin, Cland C2. it common,
The C1 region regulates the activation or translocation of
PRC and has two cysteine-tich loops (Zn finger-like motis)
that inreract with DAG or phorbol esters {36403 The C2
region medistes cileium binding: Recently, in T, B, and
mast cells. PKCs were shown to be important for NF-kB ac-
tivation: and the upstream function: of an adapror protein
complex composed of Bel-10 and MALTY (4143} Collec-
eively, these stndies indicare that the PKC/Bel-10/MALTEH
NF-xB cascade plays important roles in cytokine production.
Although this linear cascade s well established, it still seerns
ovessimplified. Additional molecules are likely to be involved
in the regulation of the PKC-NF-xH signaling pathway.

Inoue et al. {34 reported that mice deficient in Znty
show severe osteopenia and male-specific sudden death from
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bradyarshythmia during their reproductive periad, We dem-
onstrate in this paper that a Znt, Znt5, is required for the
mast cell-mediated delaved-type allergic response but not the
immediate respanse. Zm3 is required for the FeeRl1-induced
transtocation of PKC-8 to the plasma membrane and, there-
fore, for NF-«xB—dependent cytokine production. These ob-
ervations provide the first genetic evidence that a Zat, Zm3,
is required for immunological responses and has a selective
role in allergic reactions,

RESULTS

Znts is highly expressed in BM-derived mast cells (BMMCs)

but not required for mast cell development

There are eight known memtbers of the Znt family 445). To
examine the role of the Zats in mast cells, we checked the
expression level of each family member in BMMCs by exam-
ining the ReFDIC (Reference Database of hmmune Cells)
{46}, The database showed that Zntd was among the Znts
that were highly expressed i BMMUCs (Fig. St} The mes-
senger RNA (mRINA} level of Zimt was ako enhanced by
FeeR1 stimulation {Fig. 1 A and Fig. 82). Because Znth~/~
mice are availahle {34}, we focased on ZmtS to clanfy its role
in mast cell function. First, we determined that Znt3 protein
was expressed in BMMUs fromt WT but not Zni3™™ mice
{Fig. [ BY. We also detenmined that in the BMMUs, Zni5
was mainly focated in the Golgl {Fig. 1 €}, as reported pre-
viously for other cell types {47, 481, Next. we investigated
whether Zn homeostasis was disordered in Znt5~~ mast
cells using o cell-permeable Zn-specific finorescent probe,
Newport green: DCFE dincetate, which predominantly local-
izes to the cytoplasm, The Zntd 7 BMMUGs showed an in-
creased level of free Zn in the oytoplast (Zm ™™ = 0.0723 &
000225 GM; Zmd 70 = 0106 0.0132 nM: P < 005
Fig. 1 DY, indicating that the mntracellalar distribution of free
Zn was imparred in'the Zntd— - BMMCs,

We next asked i Znt3 was required for mast cell devel-
opment; Culturing BM cells from WT and Zot5™ " mice in
the presence of IL-3 vielded highly purified mast cel popula-
tions, These BMMCs, whether derived from W or Znts~/
mice; were indistingnishable in morphology when stained
with Alcian blue {Fig. S3A). The growth rate and total cell
nunibers in these cultures;as well ds the frequency of BMMCs
as revealed by How cytometric analysis of the surface expres-
sion of c-kit and FreRlI, were equivalent {Fig: S3 BY. Inad-
dition to the normaal in vitra development of the mast cells,
the number of wast cells, their morphology, and their ana-
tomical distribution in the ear; skin, and stomach of WT and
Zats {7 nikce were comparable (Fig $4, A and B} Collec-
tively, these indings demonstrated that Znt3 is not required
for mast cell development.

Znts is selectively required for the CHS but not

the PCA reaction

We examined the roles plaved by Znts in viva in PCA and
CHS using the Zntd 7 mice. We first tested the importance
of Zutd in the PCA niedel by evaluating the extravasation of
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Evans Blue dye in the cars of niice that had been sensin

and chal lenggd with an antigen. However, there was ne
rable difference in the exoavasation kinetics or roral amaount
of Evans nluc d\*e in the ear in t hc '\‘Q’T ;md 257 mice

30—

non UCUrs m}nxm}l;. in the absence of Zma‘

We next examined the CHS response, which ks promoted
by mast celi-derived proinflamentory cvtokines, WT mice
developed robust CHS responses to experimental hapten such
as PITC, as assessed by tissue swelling ar the site of hapten
challenge, which reached 2 maximum 24 h after antigen sim-
ulation {Fig. 2 B}. Consistent with 3 previous stady (31, miast
cell-deficient Kit'" ¥ mice developed a fow-level FITC-
induced CHS reaction {Fig. 2 B). The Znts ™" nuice exhib-
ited & mikar defective CHS resction {Fig: 2'B). Even 24 h
after the antigen chiallenge, the increise in ear thickness of the
Zath ™" mice was <43% of that of W'T mice. Consistéis with
this result, the affected ear of the Zm3™" mice showed sig-
niftcantly reduced FITCHinduced ¢yvtokine production and

A FeeRl o tht G
- = Zntt (184bgy

Znt2 (1116bp)
Znt3 (175hp)

Znt4 (163bp}
Zrt5{172bp)
Zni6 {(182bp}
Zni7 {181bp)
| znwa (188hp)
HPRT (149bp)

16 (341bp}

rranscriprion of the genes for 1L-6, IL-18, MCP, and TNF-a
{Fig. 2, Cand 1y, The Zntd3™"~ ears also showed 2 decrease in
the trameription level of the genes for chemokines such as
MIP-2 [CXCL2; Fig Srom these results, we conchuded
thar Zm3 was sclectively required for CHS. but not for PCA,
mvive. Te detenmine whether defectiveness in CHS response
I Zat3™ mice is caused by the kck of Znt3 in mast cell but
aot in other environmental cells and tissues, we checked
Kir¥ %W nice that had been engrafted with mast cell from
either WT or Znt3~/~ mice. We found that engrafimeat wich
BMMUCs fromr WT miice, but not Znt3™™ mice, roswred
CHS response in K978 mice (Fig. 2 E) Consistent with
these resules, Kif#% myice roconstimuted with Znts™
BMMCs had significamiy reduced FITC-induced cyvrokine
expression level suchias TNF-w and 1L-% in the sar {Fig. 2 F).
The number of mast dells per mm® of dermis did not change
between Znt5** and Zntd~/— BMMCengrafied Kiianibish
miive (Figs $5) Collscsively, these findin ; showed that Zm3
st celis Js required for FITCHnduced CHS reponses.
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Znts is required for FeeRl-mediated cytokine production
but not for degranulation in BMMUCs

FeeRI-induced degmnulation and the productdon of lipid
mediators ply crucial roles in the PCA reaction, whereas cy-
tokine production is essential for the CHS response (49}, To
learn the basis for the selective defect’in the CHS reaction
of Znd~/~ mice, we examined the capacitdes of Znt3~5
BMMCs to degranulate, synthesize, and secrete lipid media-
tors ard to produce cytokines. BMMCs derived from Zni3~/~
mice released similar amounts of B-hexosaminidase to WT
BMMCs in response to FeeR1 stimuladon {Fig: 3 A}, indicat-
ing that their ability to degranulate was intact. Furthermoare,
FeeR1 stimulation-induced lipid mediator seeretion, such as
that of leukotrienes C,, accurred normally in the Znt5-7~
BMMCs {Fig. 3 B). These results were condstent with the
normal PCA reaction observed in the Znt3~/ mice. How-
ever, the praduction of the FeeRI-induced cviokines IL-6
and TNF- was significantly reduced in Zmt5 ™~ BMMCsas
compared with WE BMMCs (Fig. 5'C). Furthenmore, PMA-
induced cytokine production was also diminished in Znt3™7~
BMMCs (Fig. 3 D} To rule out the possibilicy that the defect
in cytokine production was caused by an impaired cytokine
transport step in Znth 1~ BMMCs. we checked the ability of
LPS 1o induce cvtokine production. Asshown i Fig. 3 E. the
1.PS-induced production of the cyrokines 1E-6 and TNF-at
did not decrease in the Zatd ™" BMMCs: These resuls indi-
cated that Znt5 is selectively required for FesRI-induced cy-
tokine production buat not for degrinulztion in BMMCx.

Znts is involved in FecRi-mediated NF-«B signaling

To define the molecular mechanisms responsible for the de-
fective cytokine production in Zntd =~ BMMCGCs, we ama-
lyzed the. cvtokine mRNA levels wsing quantitative PCR.
The FeeR 1 stimulation of BMMCs fed to 3 fime-dependent
increase in the IL-6 and TNF-a R INA level. However, the
level of IL-6"and TNF-o mRNA that was induced was sig-
nificantly lower i the Zat5~7 BMMCs (Fig. 4 AL Asex-
pected from: the result shown in Fig. 3 E, the levels of
LPS-induced [1L-6 and TNF-o mRNA inthe Zntd /-
BMMCs were not decreased as compared with those in WT
{Fig 4 By, Thus; Znt5 contributed to the FeeRI-induced in-
crease of MRINA for 1L-6 and TNF-ce,

We further analyzed whether Zntd was involved in the
FreR-induced nuclear tramslocation of NF-kB3. Asshown in
Fig. 4 C, the FeeRl-induced translocation of p63 to the nu=
<leus was significantly decreased in the Zntd 7 BMMCGs.
Consistent with these results, FeeRI=mediated IkBo phos-

phorylrion and its subsequent degradation were impaired in
the Znt3 ™" BMMCs {Fig. 4 1> and Fig. S6}. In contrast, the
FeeRI-induced activation of the mitogen-activated protein
kinases (MAPKs} ERK1/2, INK1/2, and p38 was npot di-
minished in the Zm5~/~ BMMUCs {Fig. 4 E). We abko in-
vestigated whether Zntd was involved in FeeRlI-induced
calcinm-elicited signaling events. We monitored the tyrosine
phosphorvlation of LAT and PLC-yl, which contributed
calcium signaling {26, 30}, As expected from the resuli shown
in Fig. 3 A, LAT and PLC-y1 tyrosine phosphorylation was
apparently normal in Znt5™7" BMMCs, as was the FegRI-
induced caleiuny influx (Fig. 87, A'and B}. Collectively, these
resulss show that Zoth was selectively required for FeeRI-
mediated NF-xB activation in BMMCs.

ZntS is required for FeeRl-mediated fransiocation of PKC-p
to the plasma membrane

Beause IkBo phosphorvlation decréased in Znt3 ™~ BMMCs
{Fig. 4 D and Fig. S8}, we next sought o kiéntify the upstream
rarget of Zntd that was involved in INF-kB activation. Because
FeeRI-induced NF-xB activation is dependent on PRC acti-
vagon (23, 513, we examined the effect of Znt3 on the tangdo-
cation of PKC ro the plasmiz membrane, 3 process important for
PKC function. As shown.in Fig. 5 (A and B}, the FeeRI-
nduced plisnm membrane ranstocation of PKC-B was dimin-
ishedin the Zntd~7~ BMMCx a8 was the PMA-induced phasmm
mentbrane translocation of PKC-B, and asimdlar result was ob-
tainiedd iy the case of phisma nrembrane translocation of PKC-a
{not depictedy. In addition, activity of PKC was reduced in the
Zot5™"" BMMCs: compared with that in Znth*”* BMMCs
{Fig. 88} Furthermore, we confirmed  that transfeceed. Znts
complementary DXNA (cDNA) into the Znt5™" BMMCs res-
cited the defect in FeeRI-induced plasia membrane transloca-
tion of PRKC-B {Fig. 5 ). To rule out the possibility that Znts
altered the PKC-B expression level, we checked the protein
tevel after FeeRI stimulation and did not find any decrease
compared with the level in WT BMMCs (Fig. $95 Together,
these resuls showed that Znt3 & required for the FeeR -iiedi-
ated translocation of PKC-B o the plasna membrane snd that
this effect on PRC-B tranislocation s, at least in part, the mech=
antsm underlying involvement of Znth in FeeRI-induced
NF-xB activation, which results in cytokine production.

In finger-like motif of PKC-§ is important for the PMA-
induced plasma membrane transiocation of PKC-f3

To understand the mechaunisms by which Zuth is involved in
the plasmia membrane translocation of PRC; we focused on

Hinked immunosorbent assay: Data shaw mean < SO {E] Tissue swelling response to vehicle or BIC in FiTC-sensitized CS7BUE WT mice {nr= 19}, Kirasaivss

mite {112 20), and KitEsVs mice that had been selectively repaired of their mast cell deficiency by thelintredermat intection of Znts i (n= 18l or

Znigri [ =17} BMMCs. Data show mean + SEML (5 Cvinking response to vehicle or FIC in Kiftsves

mice that had been select

iy repaired of their

mast cell deficiency by the intradermal infection of Zaist= or Inta i BMNUS THF-a and {L-6 exprecsion level were meastred by real-time quaniitative
RT-PCR. The expression level of nonstimulation wassetas 1. Datz show the mean = 5D {n = 4 per grotp). *, P < 005, . F < 004 (two-toiled Studert's £
testh Data are from 2t least twe independent experiments with simélar results, with two to six (A sind Bl fhree (C), two 1o five ID} seven 1o ten (E} or four

{F} mice per groug per expeument
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A PO the C1 domain of PKC, the DAG-binding site. The €1
25(f =350 T Zotgee domuain of PKC has two Zn finger—tike motifs {Fig, 6 A}
é 2300 {39, 403 Based on the known function of the Zn finger, we
226 £ 250 hiypathesized that the Zn finger—like motifs of PKC are re-
%1 5l gzaa quired for tmmﬁocgtmn of PKFZZ—S 0 th'e plasmfl nwmtafnm.
2 2 To demonstrate this hypothesis, we designed WT-PKC-B-
2 e gibﬂ GFP and three mutant PKC-B-GFP construces {Fig. o A)
:'.7 . %‘”Q@ and cxamined their ability to undergo PMA-induced plasma

- = 50 membrare rranslocition in Hely cells,
J The WT and CIBS mutant form of PRC-B-GFP trans-

R SRR R A tocated equally well to the plasma membrane upon stimula-
O;p oA g " tion by PMA (Fig. 6 B and VWideos 1 and 3). In contrast, the

g 'm N 4 . .
frigfmi) C1AS and CLABS double mutant constracts did not translo-

B L] FE— ey cate well and were retained in the cytoplasm (Fig. ¢ B and

§ 214 B sois us m Videos 2 and 43, These data suggested that the CIA Zn fin-

g g2 e L s ger-ltke motil of PRC Is important for s translocation o the

a w0} | ons ' plisma membrane and that this modf is a possible target for
g £ r1 Zm% and the fikely binding site for DAG.

3 ®s5 To test this ‘xs’p@th{.w we designed a biotin-conjugated

2 .4 PMA, an anslogue of DAG (Bistinyl-PMA) (Fig. S10 AL

3 Fa Bintiny-PMA induced cytokine pfodqmon just as PMA

o UE = did {Fig. S10.B). Using Bmz;mi—}”‘\fl% we assessed the bind-

5 o 05.1:5065 185 5 5 -
e ing sbility of PMA to PRC-8. Transfected PKC-B WT and

t 3. iy

the CIAS mutant were extracted, ren on a gel, and eleciro-
mransterred 03 polyvinyiidine Booride (PVDF} membrane
arider native conditionsAsshown in 4, Biotinyl-PMA

 Znts expected to bind the PKC WT constroct. but iss signal inten-
& zats* sity to thie PRC CIAS mutant form was lower, Consistent
with this Tesui the signal Intensity, of Biotinyl-PMA w PKC

ohtdned from Znt37 BMMCs was fess than that to PEC
from WT BMMUCs (Fig o D
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3
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i
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DISCUSSION

Znt5 selectively regulates the mast cell-mediated delayed-
type allergic response but not the immediate~type one

In this paper, we demonstrate that a Znt, Zne3, plays a crucial
rele in mast cell activation and mast cell-mediated allergic re-

DNP-HSA {(50na/mt.}
2ni5e Zet 5k
05 10 0 5 10:{oin)

A

PKCR P

actions. The mast cell is widely recognized s the most impor-
ant effector cell in IgE-associated allergic disorders such as
anaphylaxis. Previous experiments with genetically mast celi-
deficient KitW/Kit™ ™Y or Kit® #/Kic®** mice have shown that
mast cells are required for the lgE-mediated immediate-type

PMA (100na/mi)
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¢} 5 1005 10 (min)

L go(kD}

PRCREctin

tFoidi 5 1

1012 16 10 10088

£ 31 34 10 19 1.2

Phospho

Phospho s S 80
{5660) PKC - ; {s660) PKC -
pRéCactn 1.0 1.8 2110 08 029 pPRCadn 10 3.6 5010 1.0 11
Fo {Faid)
actin |§ e s g |48
ONP-HSA
- 70 &k N

k=]
<)

Zntse

Plasma membrane
translocation of PKCR (%)

Znts*

o ucé&a; FF-Zris

1358

DNP-HSA
Znt57
+F-Znt5

Non
Znts~

Non
Znats"

DNP-HSA
Zni5*

Non

DRNp-
Zntsr Znts”

131



allergic response {24, 27} Thus, the participation of mast cells  gie reactions and chronic inflammatory diseases, including

in the immediate allergic reaction is well established. In addi-  arthrits, experimenrtal aflergic enceph alum cefitis, colitis, and

tion to this classical role, much evidence has accumulated CHS {28, 32-34). A varety of muast ce §~d erived cytokines

showing that mast cells play crucial roles in delayed-wype alier-  and chemoekines are likely 1o be cwsential for delaved-type
A © » 2, €8 & B B Non PRA (1M §, 15min

¥
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Figure 6. Zn ﬁnger-hke thlf of P}{C is requ:red for PMA-mediated translocation of PKC-p to the plasma membrane. {2 op) 46 tof
; : Hindicets residues invoived In ¢ .m‘)ﬁl’z st
H iment o4 battomi Constructs for the PRO-B-GFP
TP?C B-EGFF carried the gene for € termin i on of PRC-B, there are twio Zn finger-like
of PRC- {3 one cys'»:ine residy
yted plasme membrane vansiocation of P

{Bonk F nd nucle werel ce!eé with phalicidin ]
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allergic reactions and chronic inflammatory diseases. In fact,
the mast cell-defective Kit%¥/Kit™Y mouse does not develop
experimental allergic encephalamyelitis, and this defect is res-
cued by transferred WT BMMCs but not by IL-4—deficient
BMMCs (53). These studics indicate that mast cell-derived
cyrokines are important in inflammatory diseases.

In this paper, we showed that Znt3™/~ mast cells had an
intact degranulation process but impaired cytokine and che-
mokine production. Most impartantiy. Zt3™" mice had 3
defective mast cefl-dependent delayed-type allergic reaction,
i.e.. CHS, but their immediste-type reaction, Le:, PCAL was
unimpaired: Therefore; the Zatd ™/~ mouse will be valuable
for furthier dissection of the in vive roles of mast cells in im-
murie and allergic responses and for analyzing the pathologi-
cal status of a variery of immune-refated diseases.

Znt5 is required for FeeRl-mediated NF-«B activation

and the translocation of PKC to the plasma membrane

Our results showed that Zine5 1§ important for FesRi-medi-
ated cytokine or chemokine production. As Znt3 was mainly
located in the Golgl, we first examined whether Zne5—7~
mass cells were defective in cviokine processing/secretion.
However; EPS-induced cyrokine production was normmiak,
indicating that the transportstep was unaffected by the Znt3
deficiency in mast cells. We also observed that FeeR1 in-
diced normal activation of LAT and PLC-y and caltiom
mobilization: This shservation is consistent with our result
showing normal degranulation in Znt5~/~ BMMGs. From
this, we deduced that the degranulation process can be in-
duced in Znt3™" mast cellvas a result of intact calcium
influx, Our results do not dispute the reporred involvement
of PKC in the degranulation process {35, 567, but this re=
quirement for PKC may be compensated by other dgnaling
pathways in Zntd ="~ nuast cells. Alternatively, the threshold
of the degree of PKC activation required: for degranula-
tion and that for NF-kB activation might be different. To
sapport this idea, we performed PRC family inhibitor ex-
periment and showed that PKC inhibitor-treated Znt>
mast cells were signihcantly reduced by FeeRll-miediseed
degranulation (Fig. S11).

We found that FeeRI-mediated NF-xB activation was
defective in the Znt3~~ BMMUCs; FesRI-induced nuclear
translocation of ph3 was reduced, and FeelE-mediated IkBa
phosphorvlation and ity subsequent degradation were in-
paired. From these reailts, we conchuded that Zmt5 isselec-
tively required for FceRI-mediated INF-kI3 activation but
not for MAPK activation or calciom mobilization. Because
the expression of 1L-6 and TNF-a depend on the activalion
of NF-kB, which is a nuster transcription’ Ractor that regu-
lates the expression of proinflammatory eytokine and chenio-
kine genes {57), our rosults indicated that Zath s a novel
plaver involved in FeeRl:induced cytokine production
through NE:kB activation.

PRG-8 and PKC-B play important roles in NF-kB acti-
vation and function npstreant of the BAT0-MALTT complex
in TCR and BCR signaling (41, 42) I mast cells, PKC 3

1360

responsible for the activation of NF-kB; for example, a PKC
inhibitor suppresses NF-xB activation (23, 31). Furthermore,
PKC-B--deficient mast cells are defective in IL-6 production
{38}, In this paper, we showed that Znt5 was required for the
Fcelll- or PMAtinduced translocation of PKC-B to the
plasma membrane of BMMGCs, and this requirement explains
why Zntd is needed for NF-kB activation.

A related question is how Znt3 regulates the plasma mem-
brane transtocation of PKC-B, and several of our findings re-
late to this issue; the C1A Zn finger-like motif of PKC-B
was required for translocation of PKC to the plasnm mem-
brane; mutating the. C1A Zn finges—tike motif of PKC-B
diminished ite ability to bind PMA; PKC obtained from
Znts ™ BMMCs showed decreased binding to PMA; Znt3
was located i the Golgls and Znt5 ™'~ BMMCs shiowed an
increase in cytoplasmic free Zn. Because Znt3 was located in
the Golpi, it probably promotes a Zn ¢fflux from the cyto-
plasm into the Golgh, Because Znt5™ BMMUs had increased
cvtoplisniic free Zn, it scems likely that the available Zn in
the Golgl was decreased concomitantly.

‘Together, these observations suggested the hypothesis
that in the Zutdy ™~ BMMCs, the Zn available 1o the C1A
Zu finger—tike motif of PKC as it transits throtigh the Golgi
is decreased, which restlts in an hicrease in Zn-free PKC.
The nutation of the Zn-binding site of G1A interfered with
the plasma membrane translocation’ of PKC, and this mota-
tion alko diminished PMA binding to PKC: Collectively, our
tindings suggest that binding of Zn to the C1A of PKC in-
duces a conformational change required for DAG binding,
which is itself required for the translocation of PKC to the
plasma membrane. This hypothesis is supported by our data
as welt a¢ By findings from other groups thit Zn s iavolved
in the transiocation of PKC to the plisma membrane (39-61}
Furthermore, in: experinients tsing Zas T DYT40 eells,
Suzuki et al. {48, 673 showed that Zn5 expressed on the
ER-Golgi membrine is required tor the enzymatic activity of
the Zn-dependent alkaline pliosphatases (ALPs), which are
processed from 2poALPs to holoALPein the ER-Golgi

I summary, the results in this paper show that 3 Znt,
Zntd, is selectively required for the mast cell-mediated de-
laved-type allerpic response but not for the immediate-type
allérgic reaction. We further showed that Znt3 1s required in
the PRKCentediared NF-kD signaling pathway, The identifi-
cation of Znt3 s 1 novel component of FeeRl-nedisted
PKC activation sheds light on the molecular mechanisms of
the processing and activation of PKC and of the Zn-mediated
regulation of nuast celi-dependent allergic respouises, specifi-
cally of the delayed vpe.

MATERIALS AND METHODS

. Mice. CF7BL/6] mice were obiained flom CREA Japan: Zmth ™77 mice

were provided by Y. Nakamura and T. Tanaka {University of Tokyo; To-
Lo, apan, and RIKEN, Center for Genomic Medicine, Katagawa, Japan).
‘The generation of ZinS 7 mouse was reported in detail by noveetal @44).
Mast celi~deticiens Ki™87 8% mijce were provided by the RIKEN Biolle-
source Center. We obeuined ipproval from the Animal Research Commities
A RIKEN forali sumal experiments perforniad.

ROLE OF 7N TRANSPORTER (K ALUERGIC RESPONSE |

133



Antibodies and reagents. Anzi-Zm3 antibodies were raised by imma-
nizing rabbis with KLH-conjugted peptide (TIHQVEKEAYFQHMSGE
For the immunization, rabbits were first injected with 200 ug of KLH-
conjugated Znt3 peptide in complete Freund's adjuvant and then boosted
every week with 30 pg of the antigen in incomplete Freund's adiwvanc
Anti-GFP and aptiphosphotyrosine [4G14} antibodies were purchased
from MBL and Millipore, respectively, Amti-Flag (M2}, ati-GMi30,
ant-PRC-B {-18), ati-phospho-PRC {S6603, and anti-LAT anstibodies
were obtained fom Sigea-Aldrich, BD, Sante Croz Biotechnology, Inc.,
Cell Signating Technology, and Millipore, respectively. GE6976 was pur-
chased from EMD.

EITC-induced CHS. The FITC-induced CHS procedure was performed
a5 described previously {31, In briet] mice were sensitized with a totat of 200 1
of 2% FEITC komert {FITC; SignzAldeich i 2 vehidles consisting of ace-
tope-dibutylphtialaie {1:1} applied to the skin of the back. 5 d after the sen-
sitization with FITC. the mice weré chuflenged with 40 i of vehicle alone
on the right ear {26 gt on each side of the sar) and € 1T onthe et e
20t pf on each side}. Ear thickness was mexured before and 3t multipie -
tervals afier FITC challenge with anw engineer’s microcaliper {022k} Some
mice from sach groap were killed 24 v after the FITC or vehicle challenge
or cytokine analysis,

For mast celf reconstinstion suidies, BMMCs wore injected inradermally
1.0 X 108 colls in 200yl Zear for CHESY in s-wkeild Kit “* mice. The mive
were usixd for CHS experiments at & whk after ransfer of BMMCS

PCA and histology of the ears, A total of 2 g IgE was injected subcuta-
nepusly into ears far 12 b After this sensitization. the mice were then chal-
senged with 200 intravencus injection of 2507 b of pelyvalent: DNE-BSA
HCosmo Bioc o LTI Iy 250 b of saline and 3 mig/mi of Evans blue dye
Siprma-Aldrich. The extravasation of Evang bive into the ear was moni-
tored for 30 min. The mice wers then sacrificed, both ears were dissected,
and the Evans blue dye was extracted in 700 gf of formamide 3t 63°C over-
night. The absorbance of the Evans Blue—containing formamide: was then
rreasured 3t 630 mml To obesrve the eaf mast collsl o paraffin. sections
weere Axed and statned with nuctear fuet red and Alcian blueland the Alctan
blue-stained cells i each sample were couited. Al data are expressed a5 the
namber of mast vells per i’ of deris.

Primpary ‘mast: cell cultures aad coll lines: BMMCs were prepared &
described proviowly 35 e brisf) BM collk were fmshed from the marmay
cavity of miouse femurs, and the nust cells (BMMUS) were selertively grown
i ]PMIT6D medivm supplemented with I3 {conditionod medinm from
an mib-3-producing ool fine, CHOMIL3312M  eifl fom T, Sudo,
Toray industries. Ine., Kamakira: Japendy 1004 FBS. 10 mbi/md pewicil
and 0.V mgdmd straptomyecin or -8 wh During calrure, the mediom was
changed every 3-4 d. and the cellc were truntomad to new dishes 1o elimi-
nzte adherent cells. After 5 whin coliure, the BMMCs weré ready for i vi-
o experiments and showed the cell surface exprossion of FrelRl and Kt
Halacolk were matntainad in RPMIIGS0 supplepmenied with 105 FBS,
peniciin and sreptomyein,

Diegranulation: assay. The degranubition asay was described praviowly
%643, In Brtef, the degree of degranulation was detenmiined by miessuring the
release of B-hexssaminidase 1 X 108 cells/md were prefoaded with fupmi
G-DMNE IR SPES7: SipmreAlddchy by 3 6-b mcubation: in medinm
fxithout IL-35 To sure B-hexosiminidase release; the wnstizad ol
were stimulated with 103 ngdmd DNP-HEA for 36 min I Tyrade's bufer.
Samples were phaced on e and thenspan a0 47C for 3 min: The enzymatic
activities of B-hexosaminidase ity the superannts and cell pelles solubilized
with % Triton X-100 in Fyrode’s buffer were measured with penirophenyt
NegreylBopaplecosaminide SlgmeAldrichan 0.0 Mosodivm eiinaze,
ok 4.5, for 66 min ar 37700 The reaction was stopped by the addition of
2 K glycine pH 1007, The refease of the product $-penirrophienol was des
sected by absorbance 8t 405 e Theé extent of degranclition was caleubited
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by dividing the 3-p-nitropheno} absorbance in the supernatant by the sum of
the absorbance in the supematant and detergent-solubilized cell pellet.

Measuremant of cytokines and cheniical mediators, Cells wore acti-
vated 35 described in the previous sections. and TNF-i and 1L-6 in the cell
culture supernatang were measured with an ELISA kit {eBioscience). The
teakotrienes were quantified udng an ELIZA kit {Cayman Chemical), 2c-
cording to the manuficurer's instructions.

Cell tysates and immunoblotting. ¢ « 105/m] BMMCS were sensitized
with 1 pg/ml 15E for ¢ b at 37°C Celk were stimulated with 100 npsml
DNP-HSAL After the stimulation, the cells were harvested and lysed with
1060 gt of lysis butfer €20 mM Tris-HCL pH 7.4, at €7C, 150 mdM ML 1%
NP4 SDIS; 1% deoxyeholate, T md NavO,, 3 mM EDTA. and
proteinaee inhibitors [0.5 mM. PMSF. 10 ag/ml aprotinin, 3 ug/nd pep-
statin, apd 14 peoml feupepting} for 30 min at 47C and spun At 135900 g2
$7C for 15 mins The ehrted and reduced samplss were resolved &y SDS-
PAGE using 2 3-20% gradient polyvecrylaniide gol {Wake Chemicals

e and mamitred 1o & PVDF membnne dmmobilon-P; Millipore:
immunebioting: the miembranes Wwere incobated with antt-phopho-ERK,
anti-phosplio-INK anti~phosphio-p38, anti-ER K, anii-INK, anti-p3s,
anti-phospho-IkBa, ant-Ix B anti-B-ubuiin m-acting aid ang-BRC-B,
respectively. For immunoprecipization, the coll Iysates were Incubated for
4 by at 4°C with 1 ug of amiibodies bound to protein A Sepharase. The eluted
and redeced samples vere separated on 3 3-2050 pradicny SDS-polysenyk
apmide’ gl and wamsferred to 2 PVDF membrane. The membrans wore iu-
cubazted with antiphosphotyrasine. After blotting with the fint antibody. the
membranes were blotted’ with | HR Peconjugated  spéciesspectfic. anti-IgG
fipvitrogent e 1 h st room tompesature. After oxtersive. wiahing of the
membranss; the innvimarerctive pooteing were visualized vsing the Renais-
sance chemiluniinescence system (Dupontl, acoonding to the manufacturer’s
recotnmiendaions. The PV membranss were esposad to X filn: Fujifdn)
Demsitonetric aabsls for 6 and PRC-B was perforined tsing 3 fiuo-
reseence nage sualyzer LASS1000; Fajifiiml

Proparation of plasima membrans protein. Plasms mombrane proteing
woere extracted asing 2 Plasima Membrane Proteln Extraction kit { K26%-50;
RieVision, Iac), according to the manufactorer's instratrions, The plonma
meémbrane ractions were used for immanablotting and, probed with antic
actin, anti-PROP, and anti-phospho-PRO (86601 Densitometnic analysis
for PROC-B, phospho-PRE Seaty, and aciin wae performad wing an LAS-
1000 Huorscence innge anglyrern

Confocal microscopy. Sepamrealignot of 3.3 10% cells were senstized with
+pznil ToE for 6 b The cells wers then stimulated with 140 nprml DN
FERA SO 10 i e 3790 and fixed with 906 panfornuldehyde for 3o min The
s were spun and permyeabilized B Perm: Butler (BDS Containing 154 BSA
for 15 min at room: temperatare. The cell were washed with T mi PES ™ {PBS
without calcim md Wagneim; twice: ristipended i 300 pl of PRST aid
attached ti glass siides by cytospin {Themyd Beher Scisntifich for 3 min: P
mary and serondary staining were performed on the stides, with anti-ps3 ata
dilution of 150, ant=PRE-R at 111060, Alexa Fluor 488-conmugeted ant-rabbit
G fnviagent at 11000 and phalloidin-rhodamine dnvitrosent 3t 1160
formad eing the TCS SE svitan etoal,

Confocd MKTsIopY W p

RT-PCR and reabthrie quantharive RT-PCR analysls. Cells were
opoperized with Sepasol RNAD acslal Tosgues Inc and abe tos
ol RINA was Belated acoording (o) the, manufacterer’y insimictions. For
sandind RT-PCIG cDNA was synthasizad froms 500 ng of totd RNA by
RT {everTre Acee TOYOBOY nd 590 ng of ofige 1) poimer divitro-
weny f0r 30 min at 4370 A porton of the CONA Gypicaliy 1730 vall was
ured for srandand: POIC 0 detedy TL6, TP and GAPDE 25 oyels
s PORC were performed with 0.5 U riag DINA polvmensse and 10 pol
{ geno-specific senise and antiense primers. For: real-lime. quantitative
RI-PCR -6 dnd TNF=oo gene expregiion’ was: niesured relative o

o
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GAPDH using the SYBR Green systern (Apphied Biowystems). Primers used
in these experiments were purchased from Invitrogen, and the sequences
were ® follows: [L-6 forward, 3 -GAGUATACCAUTOCLAATAG-
ACC-3 and reverse, 5-AACTUCATCATUGTTGTTUATACA-S
TNF-u forward, 5-CATUTTCTCAAAATTOGAGTGACAA-Y 3.-1\‘1
reverse, 3 -TOGOUAGTAGATAAGGTACAACCC GAPDH forwarnd.
SUTTCACCACCATOCAGAAGGUUR-Y and reveme, §'-GGCATOC-
GACTCTOOGTCATGASY and hypoxanthine-guanine phosphoribosyl
marsferase forward, 5-COTCCCATOTOUT TCATGACA-3 and revesse.
SLGATTAGCGATCATGAACCAGCOTT-3. In additon, pritners used
for anplEying cDINAs for Zny Gamly neeinbers atd other pritner set are Isted
in Table $1. PCR products were separated on an agaross geol, stainad with
508y st edhiditm bromide. and photographed.

Intracelfular Zn pasuroniont. 2 X 16° BMMCs were treated with 23 aM
of Newport green for 3 minat 3 The cells wore wished two gures with
PRS- before th fuorescence intensity was misssured by FACS. The concen-
rattor of intracelinlar five Zo was caloulnted from the mean fluordscance with
the fonmuls JZn} = Ky % [{FF —~ F s F3): The dissociation constant
of the Newporr Green/Zi comiplex i T M. Fiy was detennined by the ad-
ditlon of the Zn-pecific membrane-penteant chelator TREN, mid Pl W
determiried by the addition of ZnS0; and the fowosphers pyrithione B3)

Calefin influx measorement. 13105 BMMCs7mi were eensitized with
wi IgE LamtDNEF 12E clone SPE-7: Sigma-Aldrich} for 6 b w0 537°C
IgE-sersitized mast colls ware washed three tmes, renps eided i Tyrodes

buifer (19 mM Hepes, pHE 7.4, 30 M NaCl 3 mM RKCE £4 mM CaCl,
1o MpCh. and 5.6 mbt glucosel, dlowed o adhere to 1 poly-i-tysine-
coated gisss-boteon disk, and icubated with 5 pv Fluo-4, 3 coall-permeant
dye, for 30 min & 37°C: Surphs fuorsscence indicator and floating celly
were removed by at least three washas with Tyrode’s buffer. Celiz were

stimiskated with 100 ag/m] DNP-HSA {Sigme-Aldrechiat 37°C Tnnages of

the fluorescent dgnals were capiored every 16 or 3G 5 from an fnverted mi-
crscope SAxiovent 200 MO Carl: Zeiss: Inc.y equipped with an oil Pha
Neoffuar 1005 1.3 oy & charge-voupled device camers iCool
Srap HO: Reper Scientineh, and th . cofitrol zpplication SideBook
fnvelfigent bmaging: Innovation) at TThe caprorsd inuges were pro-
cessed with Photoshop software {adobe) to adfist their size and const

¢DNA clonisg and plasmid construction. FKC-8 was cloned by PCR
wing CHNA from BMMOs ‘and sequenced on 2 313! sequencer (ABE.
PRISM: APplied Biosystensh. The GFP-tagged expression vedtors for
PRC-B were conwnicted and subclonied into pEGFP NT {Invitrogent. The
construct encoding mutant PROC-B-GEP. in chi the Zn finger-Tike mot
in/the €1 repion was mutited. was made wsinig 2 POR-hased methad The
human Zot5 cDNA in pA-Zeocin was seported in detatl by Suzuki v sl
623 Hela celks were transfected with 3 fotal of 1pg PRC-B cDRA in
pECFY ar with empty vector psing Lipofectamine 2000 {nvitrogen).

Retroviral infection. Retroviral infection was perltrmed 25 previously de-
scribed #6543 The Flag-tageed Buman Znts plamid {5ft fom T Ranbe and
T Suzuki Kvotn Univenity, Kvore. Tapen} was fnserted into the Bamidband
Notbsites of the retroviral vector pMX gl
Tokyo, Tokye, Japany This torstruct was then sed 1o transfert the 2957~
based packaging celf Iine phoenix {git from G Nolan, Stanford Univensiy,
Stanford, AL with Lipofectamine 2 (Invitrogen) wo generste recombi=
want retTavinsses. BM colls ware infacted with dhe retroving gt the presence
of 18 ug/me polvbrene Sigmi-AMrnichy and 11-3.

Biotinyl-PMA and native PAGE. PMA (Nacalal Tesque. Inc.) was confu-
gated with Botin (Wako Chemicals USAL Inc ) The predicead biotinyl-PMA
& shown in Fie SHE Naifve PAGE wa perfarmed with the NatvePAGE
Noves Bis-Trs Gel systent (hivivogen). Iy detal, the celle wore Iysed with
NativePAGE Sample huffer for 8 min at 37C and spun at {5600 gt 4°C for
10 min. The cumples were separated by native PAGE on 4-16% Bis-Tris Gels
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frony T Kitamuri: University of,

and ransferred to 2 PYIIF membrane (mmobilon- P Milliporel. For immuno-
Homing. the membrane wa incubated with Bictingb-PMA or an-PRC-B
antibody. Alter the membrane was washed in TBST. the coloring reaction was
performed with streplavidin-AP {Roche) or anti~rabbit IgG HRP anttbody,
respecuvely. Densitometric anal for PRC-8 and PMA was performed
using an 1.AS-100f fuorescence inuge anatyzer {Fujifilm).

Statistical analysis, Al dats were smalyzed with Statcell M
ware comsidered staisteally signiticant for povalues
swo-tailed Student’s £ tast.

icrosofty. Data
.03, obtaned with 2

Online supplemental niaterial. Fig ST shows expression level of Zat
family member in BMMCs. Fig. 52 shows exprexsion level of ZmtS after
antigen stimolation. Fig $3 shows normal developrisent of BMMC fom
ZrtS™' mice. Fig. $4 shows normal developruent of mact coll in Zns
mice. Fig $5 shows numbers of must cells in dermis from vehicle-troated
of FITC-challenged eare Fig. S6 chows quantitative anadysis of IkBa phos-
phoryiztion and degradation. Fig, §7 shows nonmsl FesR -induced caleram
sigmaling and mBus i Zw377 0 BMMCS: Fig, $8 shows impainuent of PRC
activity in ZmtA™7 BMMCs. Fig $9 shows nomml expression. levels of
PRC-B in Zm3 -~ BMMCs. Fig: $10 shows design of biotinyi-PMA and
tha biotiny-PMA can induce cyiokine production. Fig, $11shows that the
PRC inhibiter GH6975 inhibis FreR Binduced degranuhtion i Zot3r/~
BMMCs, Video 1 shows tine-lapse inages of WT PRCE-EGFP in Hela
cellsafier PMA stimmalation. Video 2 shows tinie-lapse inages of CIAS PKC-
B-ECFP in Mok cells after PMA stimudation: Video ¥ shows time-lapse im-
ages a{ Cm% P}\C B-ECGF in Fela celbs after BMA dtimulation: Video 4

& S PRO-B-EGEFP 71y Hebg colls alter MY
ire supplemental material I available ot htpiaiww
Aol Aem 200825337 DT
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A protective function for interleukin 17A in
T cell-mediated intestinal inflammation

Willian O’Connor Jrl, Masahito Kananakal, Carmen ] Booth?, Terrence Town®S, Sustunu Nakae3,

Yoichiro Twakura?, Jay K Kolls* & Richard A Flavell!?

Interfeukin 23 (IL-23) and IL-17 have been linked to the pathogenesis of several chronic inflammatory disorders; including
inflammatory bowel disease. Yet as an important function for [L-23 is emerging, the function of IL-17 in inflammatory bowel
disease remains unciear. Here we demonstrate 1L- 1 7A-mediated protection in the CD45RBM transfer model of colitis, An
accelerated wasting disease elicited by T cells deficient in'IL-17A correlated with higher expression of genes encoding T helper
type 1-type cytokines in colon tissue. {L-17A also modulated T helper type 1 polarization in vitro. Furthermore, T cells deficient
in the 1L<17 receplor elicited an accelerated, aggressive wasting disease relative o that elicited by wild-type T cells in recipient
mice. Our data demonstrate a protective function for IL-17 and identify T cells as not only the source but also 2 target of

117 in vivo.

The interleukin: 23 0 (1-23)-1E- 17 haxis is "emerging: as a: critical
regulatory systerwy that bridges the innate and adaptive arms of the
immune system. The 1L-12 cytokine family member 1123 is secreted
by ‘professional’ - antigen-presenting * cells * during.  inflammatory
responses to. pathogenic as: well as' nonpathogenic stimuli®, 10-23
elicits myriad effector molecules, most notably: 1L-17A, 1L-17F and
tumot necrasis factor, as well as others, depending on the responder
cell™*. Among the cell types known (o respond to 11-23 are antigen-
experienced  CDA T lymphiocytes, which express: surfacg  11-23
receptor. (IL-23R} complexes and: rapidly produce proinflammatory
cytokings, including imterferon-y (IFN-v} and [L-17, within hours of
123 stimulation™* {W.O,, unpublished observations). Of particular
interest is® IL-23-mediated - production of ‘11-17, which has’ been
reported to be important in the pathogenesis of several inflammatory
disorders, includinig the initiation and/or progression of experimental
autainimune encephalomyelitis, a moise model of human multiple
sclerasis®™®, IL-17'1s thought to exert proinflamaatory: effects mainly
by eliciting the production of CXC chemokines and other chemoat-
tractants from hoth endothelial “and epithelial cells wlrich neatly
ubiquitously express the 15-17. receptor {IL-17Ry%, Neutrophils and
other cells of the immune systent. are subsequently recruited, thereby
amplifying the: inflammatory episode® !9

The IL-23-4L-17 system has also been linked to inflammatory bowel
disease {(IBD). Genome-wide analyss have identified several uncom-
mon- B23r variants inversely correlated. with susceptibility to IBD'M2
In addition, there is higler eXpression. of IEN-y and '1L-17 in the
intestinal mucosa of patients with Crohn's disease'* !, In mouse colitis

studies using either adoptive transfer of CD45REM 1 cells o infection
with helicobacter to induce IBD, ‘investigators have documented: ex-
pression of 1L-23, IL-17 and TNy in the inflamiéd colon tissue’™ Y, In
these studies; the expresion of 1PN~y and” 1L-17 is dependent on
recipient mouse-derived 1L-23; and discase dewelopment in recipient
mice is nearly completely dependent on the prisence of 1L-23, which
indicates IL-23 is o critical factor in the initfation of maouse IBD, This
has Jed to speculation that PN~y and {L-17 may act in synergy to
initiate colon inflammation: However, as other studics have shown that
neutralization of IFN-¥ nearly completely abrogites T° eli-mediated
intestinal damage and wasting disease'®, and the sdoptive transfer of
IFN-y deficient cells also fails: to induce discase in- recipient’ mice®,
IFN-y hias been shown (o be eritical for 1BD i these models; whereas
the function of [L-17 in these experimental systerns: has remained
uticlear. Indeed; the Rincion of 1L-17A in intestinal inflammation has
thus far remained controversial An inflammatory funétion for 1117 in
trinitrobenzenesulionic acid-induced colitis has been described”, vet
another report: has. suggested {L-17 might offer: protection” in- the
dextran sodium sulfate-induced colitis: model’. Notably, chemically
induced intestinal damage in those models is T cell independent® and
miore accurately: reflects the chronic stage of disease afier compromise
of the epithelial barrier, rather than early disease-initiating events,
Here we show that IL-17A  mediates a protective’ effect on: T cell~
driven - infestinal inflammation | e vives” Using o well-established
mouse transfer model of colitis; we found that relative to wild-type
populations,  [HZa-" CDa3RBM - cells - induced a'more aggressive
witsting disease- when - transferred into: recipient mice deficient in
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recombination-activating gene 1 (Ragl™). Cohorts that developed
accelerated 1BD bad higher expression of IFN-y and osteopontin
mRNA in resected colon tissue at the onset of intestinal tissue damage,
as well as weight loss, which provides evidence that classical T helper
type 1 {Tyll-associated cytokines, not IL-17, probably drive discase
initiation. Consistent with those observations, J1i7a™ CD45RBM cells
polarized to Tyl effectors in vifro had higher expression of IFN-y and
the Tyl ‘master regulator’ T-bet, and recombinant H.-17 inhibited the
expression of these factors in ‘developing wild-type Ty 1 cells: Further-
more; CD45REM cells' deficient in [L<17R {Hi7ra ") also elicited an
accelerated aggressive wastiig discase relative to that in recipients of
wild-type T cells in the transfer model. Qur findings demionstrate that
1174 provides protection in this model of T cell-miediated wasting
disease and that T cells ‘are responsive to-1L-17A: in: vivo, and they
identify T cells-as both'the source and: the relevant target of IL<17 in
this experimental system, Our observations collectively have implica-
tions for strategies that aim to modulate the IE-23-1L-17 immune axis
for clinical benefit:

RESULTS

IL-17A modulates T cell-driven colitis

To directly assess. the function of 1L-17A in T cell-mediated colitis,
we adoptively transferred purified CD4SRBY CD23°CD4* T cells
from 7@ mice or wild-type mice inte Ragl™" recipients and
thent ‘monifored. wasting disease in the recipients, Wild-type CD4*
CIMARBEUT cells predictably induced wasting disease 5-7 weeks after
transfer {Fig. lak Cohorts that received HI7a7 T cells however,
developed an overly aggressive inflamimatery disease relative to that of
recipients of wild-type cells, as shown by their accelerated decrease in
body:mass {Fig. 1a,b). There was divergence in body-mass curves by
4 weeks' afler adoptive: transfer;. and' repeated-measures analysis of
vatianice (ANQVA)- showed  significant. main effects of time (P <
0,001} and experimental gmoup. (P < 0.05) and: a time-group inter-
action { P < 0,05} in the composite data analysis of three independent
experiments: {Fig: 1b). There was a significant difference. at 4.0-4.5
weeks after adoptive transfer of CD4* CD45RBY T cells. {post-hoc
t-test). Recipients of 176" CD4* CD45REM T cells reached the
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Figure 1 1L-17A-deficient CDABRBM T cells induce an aggréssive wasting disease i Rag.
njected purified CDASRRY CDAY T cells froms i1 77 mice or unmaniputat
v, Data are group averages from one expetiment {erfor bars, s.e.m. . (by Weignt toss distributions of each ndividual mouse (smgle symbals)

intrapetiionea
of originai we

Bt WImREs
eciplent mice. a) Body weights of Ragl~ recipients of

wild-tyoe tWT3 C57BL/G mice o day U; presented as percent

antt compbsite statistics of ait fecipient mice. Mesns (small orzomat bars) st day 14:(P = 04155} recipients of wild-type cells (=35}, 90.26 (s.d,,

4,168); recipients of #1747 celis tn= 32}, 98.22 (sid;; 8.057}. Means at day 28: recipients of wilddype cells {n = 24}, 96,71 (5.4, 7.493); mciplents

I 7a celie (' 211, 9087 (5.4, B.155) . P < D01, Data are representative of Biree independent experiments. (¢} Gross organ morpioiogy of the

cecam ardd ascending colon from the recipient mice in b at day 28, Results are representative of three experiments, (d), Histology of colon tissues from the
¢ € 16 7 celis GiY of a recipient of wild-type celis (i)

e in g Top, colon Hssues ab day 14 fromidn ipitaied wiki-lype moise (3, a recip!
*. adema. Botont, colon Yssues at day 28 from a recipient of /{17277 cells (v and v (higher megnification of box in W), or witd-type cells (v and vii (higher
¥ ot ulcerated epithetium: Scale bars, 500w Resuits are reprasentative

magnificalion ot box in vi), Arowheads indicate the presence (iv,v) or absence (v
of twe experiments. (e) Quantilication of pathciogicat changss in the mice in 3, assessed as ‘saverity scores’. Dala are representative of two experimients (emor

tats, s Quantitalive REECR analysis of mRNA transcnpls encoding ¢y tvertical axes); g i ascending coion Hesue from e mite va
of day 28, Each dot represents an ndividual motse; scores are presented as ‘Iold increase’ refalive 1o beseling expression in cdlon lissue from unimanipulated
vafd-type tittenmatas after normalization to expression of Hprtl {encoding hypoxanthine guanine phivsphoribosyl transferase; change in cycling threshoid
methody, Means for Ifng (P < 0.0001): réciplents of witd-type cells (= 14), BB.79; reciplents of 11l 74 celis (n'e 17, 263.8. Means for Sppl

(F < 0001 recipients of wilditype celis (n'= 13), 4.56; recpients of 1747 velis {n = 17), 41.25. Weans for 16 recigients of wild-type cells tn =145,
60.48; reciprents of 1l Zra® Teells (n'= 13} 18.62. %, P 0.001 (unpaired, twotalied Student’s -test) Data are reiresentative of three expariments.
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