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FIG 6. DI-BMMCs enhance IL24, 1L-10, and 1L-13 production and suppress IFN-y production by CO4 ™ Tcells, Purified £D47 T celis from DO11.10 mice were
direct coculttired with BMMCs or BMDCs in the presence of ovalbumin peptide. After 4 days of cocufture, the cocultired celis were rastimutated with anti-
CD3 mAb and anti-CD28 mAb for 24 hours; and then the cytokine concentrations in the supernatants were measured: Data ave indicated as means * SDs of
triplicate samples. t£ < 08 vs T celis alona; * < .06 vs T cells plus control-BMMUCs:

contrast, the direct interaction “with: MHC-IIY DI -BMMCs
promoted CD4 " T cells to produce the Ty cylokines 1-4 1L-5,
IL-10, and [1-13. The CD4* T cells primed by MHCG-117 Diil-
BMMCx seem (o have the characleristics of conventional T2
cells. 1t has been reported  that keratinocyies, dendritic cells,
bone marrow stroma, and thymic epithelum express Notch ligands

including D™ Therefore, tissuecresident muast cells may be
primed by Notch Higands expressed in thewr microenvironment.
Must cells then migrate o the spleen and Ivmph nodes under in-
flammatory conditions and influence the development and charag-
ter of the immune response. ™™ The proximity of inast cells and T
cells in these organs allows mast cells to influence the priming of
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naive T cells direclly. Regardless, further in vivo analysis is re-
quired to clarify the roles of mast cells primed by Notch ligands.

Our findings in the current study suggest that DIii/Notch
signaling induces the commiunent of mast cells w an APC
population, which induce the differentiation of naive Ccpat T
cells toward conventional T2 cells. Further studies on the role

of

mast cells in the sensilization phase of acquired immune

responses will contribute 1o the prevention andfor treatment of
infectious diseases, autoimmune disorders, and alfergic disorders.

We ‘thank ' the members of Atopy (Allergy) Research Center: and the
Department of Immunology of the Juntende University School of Medicine
for their commients, encouragement; and technical assistance, and we thank
Ms Michiye Matsumoto for secretarial assistanee:

Clinical implications: The findinps thal mast cells acquire APC

fimctions by Notch signaling and induce {he differentiation of
Tn2 will contribute fo the elnciﬁatmn af the pathogemc medm-
nism of allerpic disorders.
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PHAGOCYTES, GRANULOGYTES, AND MYELOPOIESIS

Tim-3 mediates phagocytosis of apoptotic cells and cross-presentation

Masafumi Nakayama,' Hisaya Akiba,? Kazuyoshi Takeda,' Yuko Kojima,? Masaaki Hashiguchi,? Miyuki Azuma,®

Hideo Yagita,! and Ko Okumura®

‘Depariment of Immunology and Division of Biomadical Imaging Research, Biomedical Research Center, Juntendo University School of Madicine, Tokyo: and

3pepartment of Mojectiar iImmunoiogy, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan

Phagocyles such as macrophages and
dendritic cells (DCsyengulf apoptotic cells
to maintain peripheral inmune tolerance.
However, the mechanisn for the recoghi-
tion of dying cells by phagocytes is not
fully understood. Here, we demonstrate
that T-cell  immunoglobulin mucin-3
{Tim-3} recognizes apoptotic cells through
the FG loop in the lgV ‘domain, and is
crucial for clearance of apoptotic cells by

phagocytes. Whereas Tim-4 is highly ex-
pressed on peritoneal resident macro-
phages, Tim-3 is expressed on peritoneal
exudate macrophages, monocyles,; and
splenic: DCs; indicating distinct Tim-
mediated phagocytic pathways used by
different . phagocytes.  Furthermore,
phagocytosis of apoptotic cells by CD8*
DCs is inhibited by anti-Tim-3 mAb, result-
ing in a reduced cross-presentation of

dying cell-associated antigens in vitro
and in vivo. Administration of anti-Tim-3
as well as anti-Tim-4 mAb induces aulo-
antibedy production. These results indi-
cate a crucial role for Tim-3 in phagocyto-
sis-of apoptotic - cells and - cross-
presentation, which may be linked to
peripheral tolerance. (Blood. 2009:113:
3821-3830)

introduction

Apoptosis is a crucial process in the development and homieosta-
sis of - multicellular ‘organisms.!> In: the immune . system, an
enormous mumber of celly undergo: apoptosis during develop-
ment. of Iymphocytes and  after interaction with antigens.’
Because apoptotic cells and secondary necrotic cells releasing
intraceliuiar contents could be antoantigens; phagocytes such as
macrophages and dendritic cells (DCs) must engulf these dying
cells rapidly and efficiently to prevent detrimental inflammatory
responses and autoimmunity. 4 To engulf apoptotic cells, macro-
phages use a variety of molecules, including Mer tyrosine kinase
MerTKY milk fat globule-EGF-factor 8§ (MFG-ER}LS brain-
specific angiogenesis inhibitor: 1 (BAIL),7 and T-cell immuno-
globulin and mucin domain-containing molecule 4 (Tin=4).%?
However. their relative contributions (0 the phagocytosis remain
to' be elucidated. Multiple receptors may simultancousiy recog-
nize multiple “cateme signals on apoptotic cells: In addition;
different subsets of macrophages may use different reperioires
of receptors for the phagocytosis.

DCs are able fo not only phagocytose apoptotic cells but also
present: dying cell-associated antigens with MHC ¢lass T mol-
eculcs, which is termed as “cross-presentation.” 1 Tt has been
considered that, in steady state, cross-presentation’ of: self-
antigens by DCs stimulates CD8Y T cells to proliferate abor:
tively. resulting in their deletion; which is crucial to maintain
peripheral. tolerance.’®* Among mousc splenic DC subsets;
CD8&’ DCs arc unique: in their ability for efficient phagocytosis
of ‘apoptotic ‘cells and’ cross-presentation.!>¥ However, ' the
mechanism for the recognition of apoptotic cells by CDE* DCs
is:poorly understood. Scavenger receptor €D36 and mannose
receptor (MRY/DEC205 are highly expressed on CD8” DCs, but
not €8~ DCs, however, these receptors are not required for

cross-presentation of cell-associated antigens by this DC sub-
set. 1618 Neither o5 nor ot Bs integrin that mediates phagocyto-
sis'of apoptotic: cells by macrophages! is ¢ssential for phagocy-
tosis by CD8% DCx'% Thus, the "phagocytic ‘receptor for
apoptotic cells: linked: to. cross-presentation remains (o be
identified.

Tim-3 has'been identified as a Thi-specific marker, and several
in vive studics have shown that Tim-3 regulates autoimmunity, 1929
We and others have reported that Tim-3 negatively regulates
Thi-medisted inflammatory discases such as experimental dotoim-
mune encephalomyelitis (EAE), type I diabétes. and acute graft-
versus-host diseases (aGVHD).242* Moreover. it has been reported
that Time3 promotes: tolerance induction?’2* Recently, Zhu et al
have identified galectin-9 as a Tim-3 ligand, and they have
demonstrated that galectin-9 binds to the carbohydrate chains on
Tim:-3; and induces cell death of Thi cells' in vitra, which may
explain the mechanism by which Tim-3 suppresses Thi immu-
nity.”! On the ather hand. Anderson et al have reported that Tini-3 is
expressed on DCs, and that galectin-9 activates the DCs through
T3, proposing that Tim-3 exacerbates EAES Taken together,
Tim-3 appears to have multiple roles for the immune regulation in
vivo, however, it remains unknown whether these multiple func-
tions:of Tim-3 are mediated solely through galectin-9.

In: this study, we demonstrate that Tim-3 recognizes apoptotic
celis through the FG loop in the IgV domain, Although Tim-4 is
reporied to be: crucial for the phagocyiosis of apoptotic cells by
peritoneal macrophages,>? we highlight here Thn-3 as the phago-
cytic: receptor: responsible for cross-presentation: of dymg cell-
associated antigens by CD8% DCs. We propose that this novel
function of Tinx-3 may be involved in autoimmune regulation and
tolerance induction.
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Methods

Mice and reagents

Five-week-old female CS7TBL/6 mice were oblained from Charles River
Japan (Yokobanwm, Japan). OT-I mice expressing OWAzsandH-2K5~
specific TCR were kindly provided by W. R. Heath (The Walter and Eliza
Hall Institute, Mclbowme, Australia) through H. Udono (RCAIL RIKEN,
‘okohama, Japan). These mice were maintained under specific pathogen-
free conditions, and used according to the guidelines of the institutional
animal carc-and tse commiltee established: at Juntendo University-and
Tokyo Medical and Dental University. pcDNA3 (=), pEF&VS-TOPO,
and pcDNA3LGFP-TOPO vectors: were  purchased from. Invitrogen
(Frederick,” MD)., PE-Mac! (CDHbB) mAb and control rat 1gG2a were
purchased from eBioscience (San Dicgo, CA) FITC-anti-CDile mAb,
PE-anti-Va2 mAb, and allophycocvanin {APCi-anti-CDBo mAb were
purchased from BD Biosciences (San Jose, CA) Akexa Fluor 647-anti-
CDSa mAb was purchased from Biolegend (San Diego, CA). 5-(and-6)-
Carboxyfiuorcscein diacetate succinimidyl ester (CFSE) and 5-tand-6)-
carboxytetramethylthed succinimidyt ester (TAMRA Y were purchased
from Invitrogen. TdT and biotin-16-dUTP were purchased from Roche
(Indranapolis, IN).

Generation of Tim-igs and mAbs

The expression vectors for Tim-1=<Ig, Tim-2-1g, Tim-3-Ig. and Tim-4-Ig
were generated by linking the extraceliular domains of Tim-1 {aa 1-236),
Tim-2 (aa 1-230), Tiny-3 (aa 1-191), or Tim-4 {aa 1-288) to the Fe portion of
mouse [8G2 in the peDNAZ () vector, Tim-lg profeins were produced
by transfection of each vector intc HEK293T cells. The anti-mouse Tim-1
mAb (RMTE-17, rat 1gGZa. k), Tim-2 mAb (RMT2-14, rut 1gGZa, k), and
Tim-3 mAb (RMT3-23, rat 18G2a, &) were generated immunizing SD rats
with Tim-1=-lg. Tim-2=Ig, and Tim-3-Igi respectively. as described be-
fore. " Likewise, the anti~Tim-3 mAb (RMT4:534, rat 1gG2a, x) was
generated by immunizing an SD rat with Tim-4-1g; fusing lymph node cells
with P3UL myeloma. cells. and screening the binding to: CHO cells
expressing Tim-4. but not parental CHO cells. For confocal microscopy,
RMT3-23 was labeled with Alexa Fluor 394 using tht mAb fabeling kit
(Invitrogen}. Requests for mAbs should be addressed 1o HoAkiba (c-mails
hisaya@juntendo.ac.ipl.

Cell lines

A-normal rat kidney: cell. line (NRK-32E) wag maintained: in complete
RPMI medium (RPMI 1640 supplemented with 10% FBS, /100 U/imbL.
penicilling 100 pg/mlstreptomycin, and 2 mM glutamine, 10 mM HEPES,
and 50 @M Temercaptoethanol). HEK293T cells (ATCC, Manassas, VA)
were mantained i complete DMEM medium (DMEM supplemented with
10% FBS, 100 UinL penicillin: 100 ug/mbL streptomycin,and 2 mM
glutamine). For construction of expression.vectars, the entire coding region
of 'mouse Tim-1, Tim-2. Tinm-3, or Tim={ was subcloned into pMKiTneo.
Tim-3 cDNA was also subeloned into pEFB/VI-TOPO vector ‘Several
mutant: forms were: preparcd by polymerase ‘chain reaction {PCR)-based
mutagenesis using Tin-3/pEF6V5-TOPO as o template. After confirmation
of nticleotide sequences, Tim expression: vectors were transduced inte NRK
cells: by 'electroporation: with: 'a’ Gene Pulser: (Bio-Rad ‘Laboratories;
Hercules, CA}, Afier selection with | mg/mb G218, cell surface expression
was estiniated by respective anti-Tint mAbs. HEK293T cells: were tran=
siently’ trunsfected with these expresston vectars using lipofect AMINE2000
(Invitrogen}, Two days after the transfection. cell surface expression of Tim
was extimated by flow cytometry.

Phagocytosis assay

For preparation: of apoptotic cells; thymocytes fromy C57BLIG mice were
fabeled: with -} pM CFSE or 10 ge/ml TAMRA, and thea were UV
irradiated €100 Jem?)y After UV irradiation; the cells. were cultured. in
complete RPMI for 2 hours at 377°C, und then used for the phagocyiosis
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assay. NRK sels (10° per welly, NIH3T3 calls {5 X 10* cells per welld, and
HEK293T cells (10° cells per well} were plated onto 24-sell plates, which
were precoated with poly-L-lysine for HEK293T cells; a day before the
phagocytosis assay. These cell lines were incubated with fluorescently
inbeled apoptotic cells {2 3 10° per well} at 37°C for the indicated periods.
The recognition: (binding and/ar incorporation) of fluorescently labeled
apoptotic cells by these cell Tines was analyzed by How cytometry using a
FACSCalibur {BD Biosciences) and/or fliorescende micrascopy using an
Olympus FV1000 luser scanning confocal microscope (Melville, NY)
squipped with 40X or 100X ohjective lens. For macrophages; peritoneal
cells were harvested from C37BL/6 mice 3 days affer. intraperitoneal
injection of 2'mb 3% wifvol thivglycolate; or fram unireated mice; These
peritoneal ‘cells (5 X 10° per well) were plated onto 48-well plate for
2 hours at 37°C, and then washed with PBS twice to remove floating cells.
In some assay, macrophages were preincubated, with the indicated mAb
(30 pegfmb for 60 minutes at 4°Coand then washed with PBS to remove
unbound mAb. Muacrophages: were cultured | with: fluorescently: labeled
apoptetic cells (2.5 X 108 per welly for 30 minutes at 37°C, and then
washed with PBS '3 timés 10 remove snbound apoptotic 'cefls. Afler
trypsinization. cells’ were harvesied and stained ‘with PE-Macl. CFSE
fluprescence intensity in Mac!+ cells was analyzod on a FACSCalibur (BD
Biosciences). As for anin vivo phagocytosis by PEM, sterile peritonitis was
induced in C37BLG mice by intraperitoneal injection of 3% thioglycolate
medium {2 mb per nouse). Three days later, these mice {n = 4-3 per group)
were treated intraperitoneally with control rat 1eG (rlgG), RMT3-23, or
RMT4-34'1200 g/mouse). Three howrs later, mice were intraperiioneally
injected. with CFSE-labeled apoptotic cells {10° per mouse), and another
2 hours fater, peritoneal cells were harvested. The recoznition of apoptotic
cells. by Mael™: cells was anadyzed: by flow cytometry. For statistic
evaluation. the vnpaired Student £ 1est, 2-tailed wis used. P values less than
08 were considered significant. For. in’ vitro: phagocyrasis: assay using
splenic DCs; spleens” were digested. with 400 U/mL collagenase (Wako
Biochemicals) in the presence of S mM EDTA and séparated into low- and
high-density fractions on Optiprep gradient {Axis-Shield. Oslo, Norway).
Low-density cells were purified using anti-CD e MACS beads (Miltenyi
Biotee, Aubum, CAY. After staining CD1lc™ cells with APC-anti-CD8¢
mAb, these cells (5 % 10% per welly were cocultured with TAMRA-Iabeled
apoplotic: cells £2.5 % 105 per well) in 48-well plate for the indicated
periods; and then the cells were: stained with FITC-anti-CD/{lc mAb.
TAMRA fluorescence intensity 0 CD87CD e and CDRICD e ¥ eells
was analyzed on a FACSCalibur, As for in vive phagocyiosis by splenic
DCs. mice {n = 3 per group} were treated intravenously with tigG, or
RMT3-23 andfor RMT4-54 (200 pg each/mouse): und then 2 houss fater,
with CFSE:labeled apoptotic splenocytes {2 107 per mouse). Mice were
kilfed at the indicated time points, and the recognition of apoptotic cells by
CDRCDcT cells was analyzed by flow cytometry. For statistic evalua-
tion; the unpaired Stodent £ test, 2:ailed was used: P ovalues less than .03
were considered significant.

In situ identification of nuciear DNA fragmentation

CS7BL/mice (n = 4-6 per group} were treated intraperitoneally with rlgG.
or RMT3-23 andlor RMT4-34 (200 g cach per mouse) twice a week for
4 weeks, Three days after the final injection, mice were killed, Serum wag
stocked: for measurement 'of anti-dsDNA antibody - levels. Bradn,: hiver,
spleen. and pancreas were imimersion-fised in 20% buffered formalin and
embedded in paraffin, After: being deparaffinized:. tissue. sections were
stained using in situ TUNEL method with biotin-16-dUTP {Reche Diagnos-
tics, Basel Switzerland) and diamunobenzidine as a peroxidase substrate.
Nuclet were counterstained with: hematoxylin. The number-of TOUNEL-
postitve cells wis guantified with KS400 Image Analysis System (K85400;
Zeiss, Heidelberg, Germany).

Measutement of anti-dsDNA aniibcdy fevels.in serum

Serum levels of anti-dsDNA 1¢G were determined as described previ-
ously. 2 In brief. enzyme-linked immuriosorbent sssay (ELISA) plates were
coated with 5 gg/mL dsDNA derived from calf thymus {Sigma-Aldrich. 8¢
Louls, MO Anti-dsDNA antibody level was expressed in tnits; referning to
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Figure 1. Tim-3 recognizes apoptotic cells. {A} NRK NRK

PHAGOCYTOSIS AND CROSS-PRESENTATION VIATIM-3 3823

Tire-1/NRK Tim-2MRK Tim-3/NRK Tim-4MNBK

calis stably expressing Tim-1, Tim-2, Tim-3, or Tim-4
were stained with biolinylated anti-Tim-1 mAb {RMT1-
17), anti-Tim-2 mAb {RMT2-14), anti-Tim-3mAb (RKT3-
23}, or anti-Tim-4 mAb (AMT4-84}, respectively. Paten-
tal NRK cells were stained with a cocktail of all mabs.

/

Then cells were siained with PE-avidin, and analyzed by
fow cytometry (thick histegram}. Thin histegrams indi-
cate background staining with control rat 1gG2a, foflowed
by PE-avidin. (B} These NRK cells were cultured with
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Tan expression

Tim-1/NRK Tim-2MNRK Tim-3MNRK Tim-4/NRK

CFSE-labsted apoptotic cells for 30 minutes at 37°C. B o NRK
Recognition: of apoptolic cells by these NRK cells was e

quantified by flow cytometry: (G} These NRK cells were i .
cultured with CFSE-labeled viable cells of apoplotic cells 3 1 4-6%

for 30 minttes at 37°C. Percentage of the recognition !

was quantified by flow cy try. Data are t8p d
as mean = S0 of tipicates. (D} These NRK cells were
pretreated with 20 ug/mb control rlgG2a, RMT3-23, or
RMT4-54'mab; and then cultured with- CFSE-abalad
apoplotic cefls for: 30 minutes at 37°C. Percéntage. of

o
o 10t w? wd weh

¥

the récognition was quantified by flow cytométry. Data ]
are represented as mean = 8D of trplicates. Simitar 30
results: were obtained in 3 (A-C} or 2 (D} independent S 25
expariments, =
o 20
8
@15
LT
5
8

NRK Tim-17 Tim-2¢ Tim-3/ Tim-4/
NEK - NAK

standard curve obtained by serial dilution of a standard serum pool from
(NZB- X NZWj} FI' mice “older than’ & ‘months. containing 1000 U
activities/mL (kindly provided by S. Hirose, Juntendo University):

Flow cytometric analysis for Tiln expression

Mouse: macrophages: or - low-density. splenocytes: were pretreated with
anti-FeR mAb (2 4G2), and then were incubated with 0.5 jig biotinylated
mAb for 30 minutes at 4°C, followed by PE-streptavidin: and FITC:anti=
CD1ib mAb (for microphages) or PE-streptavidin, FITC-anti-CD1 o mAb
and APC-anti-CDBa mAb (for splenic DCs). After washing with PBS, Tim
expression op CDHbY, CDSICDHe!or CDRICDE e cells was ana-
Iyzed on a FACSCalibur; and the data were analyzed using the CellQuest
program (BD Biosciences).

In vitro cross-presentation assay

OVA-loaded: dying cells ‘were: prepared by asmintic shock 'as described
previousty.? For splenic DC subsets; CD¥lct cells purified using unti-
CBR1ic MACS beads (> 926 CD1te ™) were then stained with FITCant-
CD1c and “APC-anti-CD8c: mAbs, followed by sorfing into subsets
(> 89%. CDR*CD1ic” ;2> 98% CD8-CDIlc) on: FACSVantage (BD
Biosciences). OVAsloaded (10 me/mL} dying cells (2.5°% 105 per well)
were cocultured ‘with. CD8™ DCs or CDS7 DCs: (5 X 10° per well} in
presence of rigGy RMT3-23, or RMT4-34 (30 pg/mi.) bn 48-well plate for
.5 hours, and then DCs were sorted again using anti-CD Hc MACS beads.
CD8~ or CDB? DCs (both 10 or 2. % 10° per well} were coculiured with
purificd OT-LCD&* T cells €16° per well} in 96-weli Rar-bottom plate. For
the direct presentation, CD8~ or CD8” DCs (10¢ per well) were corultured
with T nM OVAso . SINFEKL peptides (AnaSpec, San Jose, CAY and
OFL CD8* T cells (107 per well) 'in presence of rleG, RMT323 or
RMT4-54 (30 pg/mbL} m 96-well flat-botiom plate: Two days later, 50 gL
supemnatant was harvested and tested for IFN-y. production by sandwich
ELISA (cBioscience). The cultures were then pulsed overnight with
PHthymidine (0.5 pCi [0.0185 MBqliwell: GE Healthcare, Litde Chal-
font, United Kingdom) and the uptake was measured in a microbeta cotinter
{Microbeta Plus: Wallac, Turku, Finland).

In vivo cross-presentation assay

In vive cross-presentation assay was performed as described previously??
with minor maodifications; CFSE-labeled OF-I cells (2 X 10% per mouse}
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were transforred intravenously into B6 mice. Next day, mice weére injected
intravenousty with rlgG, or RMT3-23 andfor RMT4-54 (200 g cach per
mouse}, and' then 2. hours: fater,. with’ OVA-loaded ' (I mg/mL) . dying
splenocytes (107 per mouse). Two days later, mice were killed, and
splesiocytes: were: stained: with: PE—anti-Yo2 and APCoanti- CDS: CFSE
flucrescence ntensity of CDB* Va2 * cells was analyzed by Bow cyfometry:

Results

Tim-3 recognizes apoptotic cells and is reciuited o
phagosome

Because Tim-4 and Tim-1 are. recently reported. to recognize
apoptotic cells,%? we first verified the binding activity of NRK cells
stably expressing Tim family: molecules (Figure 1A} o apoptotic
cells. As for apopiotic cells, we used UV (100 Veneiirmdiated
thymacytes because these cells show typical apoptotic phenotypes;
which are annexin V. and propidium jodide negative (P1) (Figure
STA, available on the Blood website: see the Supplemental
Malterials link at (he top of the online article}, and do not express
Tim molecules {Figure S1B), excluding Tim-Tim inferaction in this
study. In addition to Tim-4/NRK and Tim-1I/NRK; we found that
Tin-3/NRK also efficiently bound apoptetic cells; but not live cells
(Figure 1B,C). and that the binding of Tim-3/NRK and Tim-4/NRK
cells to apoptotic cells was abrogated by anti=Tim-3 mAbRMT3-23
and anti-Tim-4 mAb RMT4-54, respectively (Figure 1D). These
results suggest that Tim-3 as well as Tim-4 ‘acts as a receptor for
apoptotic cclls.

To further address whether expression of Tim-3 could confer
the. ability. to internalize or just bind apoplotic cells, we nexi
used: HEK293T cell reconstitution system: because although
ectopic expression of an authentic phagocytic receptor FeyRIT
with’ FeRy chain enabled  this cell line to internalize IgG-
opsonized bacteria, the expression of scavenger receplor-A
{SR-AY® or paired Ig-like receptor-B (PIR-B).>® which is the
nonphagocytic receptor for bacteria, conferred the binding
without Significant infernalization’ (not shown). 'As shown in
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Figure 2. Tim-3 internalizes apoptotic cells: through the FG loop in gV domain. (A} HEK293T tells fransiently expréssing Tim-3 were. culttired with CFSE-jabeled
apoptotic cells for 60 minutes at 37°C. and thén celis were stained with biotinylated RM73-23 and Alexa 59%4-avidin. (B} TAMRA-labelad apoptotic cells were addad to
HEK293T colls transiently exprassing Tim-3-GFP under fiorescences microscope, Phagosylosis and Tim-3:GFP localization were analyzed at ths indicaled e points. White
arrowheads indicate apoptotic cells infemalized via Tim-3. White bars indicate 5 um. (C} Alignment of IgV domain of Tim family molecules. The p-strands of Tirm-3 ware shown
with ines. M  resid indicated by red heads. (D) Positions of i residues are indicaled on 3-dimensional stricture of Tin 3 IgV domain. The color of the
protein main-chain is gradualiy changed along the seq from blue (N-terminal; fo red (C inall. (E] HEK293T cells fransiently expressing wild-type or mutant Tim-3.
were cultired with CFSE-labeled apoplotic cells for 60 minutes at 37°C, and then cells were stained with bistinylated RMY3-23 and PE-avidin. Hecognition of apoplolic cells by
gated HEK2937 cells (R¥; Tim-3, A2 Tim-3%%, RY, Tim-3"%} was analyzed by flow cytometry. Similar tesults were chtairied iri 2 {A.B} or 3 (Ej independsnt expsriments;

Figure 2A, Tim-3-positive celis efficiently internalized CFSE~ ' ize Tim=-3, we gencrated an expression vector for Tim-3 fused at
labeled apoptotic cells, indicating that Tim-3 is a phagocytic’  its C-términus to green fluorescence protein (GFP), and then
receptor: for apoptotic cells, Furthermore, we addressed Tim-3 - expressed this: fusion: receptor in. HEK293T cells. ‘Whereas
tocalization upon initial contact with apoptotic cells. Te visual- - Tim-3. was mostly: expressed: at the cell surface in resting
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Figure 3. Tim-3 mediates phagocytosis of apoptotic cells by

A

PHAGOCYTOSIS AND CROSS-PRESENTATION VIATIM-3

Tim-2 Tim-3 Tim-4

peritoneal exud b {A) Pert i Mactt
cells {PRMs) and pentoneai exudate Mac1+ cells (PEMs) were
stained with biotinyiated RMT 117, BMT2:14, BMT3-23, or RMT4:
54, foliowed by FITC-anti-CDitb mAb and PE-avidin {ihick
histograms}; then CD1107 calls were analvZed by flow cylometry.
Thin histograms indicate background staining with biotinylated

Y

#oget b i gt

control ral IgG2a. {B) Maciophages were pretreated with confrol
rat igGi2a {rigG). BMT3-23. o7 RMT4-54. and then cultured with
CFSE-labsled apogptotic cells for 30 minutes at 37°C. Cells were
stained with PE-Mac1, and percentage of recognition of CFSE-
apoptotic celis by Mact* cells was quantified by flow cytometry.
Columns ropresent mean = SD of triplicates {*P < .05, 7P < 04
compared with rig@). {C} Peritonitis was elicited by intraperitansal
injection of thioglycolate, Three days later, the mice werd intraperi-
toneally injected with rlgG, AMT3-23, or RMT4-584 {208 ug/head),

and then with CFSE-labeled apopiotic celis. Two hours. later; B
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condiiions, wpon: recognition  of  TAMRA-labeled  apoptotic
cells, Time-3 was recruited to the phagocytic cup (Figure 2B},
This substantiates that: Tim-3 mediates engulfment of apop-
totic cells.

Tim-3 binds 1o PS

We next addressed whether Tim-3 also binds to phosphatidyiserine
(PS); a major “cat-me” signal,!? by solid:phase ELISA using
soluble Ig: fusion proteins with extracellular domains incloding
both  1gV and mucin domains of Tim-2, Tim-3, and Tim=-4. In
addition to the strong binding of Tim-4-Ig to PS, we observed that
Tim-3~Ig weakly but substantially bound to PS, but not other
phospholipids such as phosphatidylethanolamine (PEY, phosphati-
dylinositol (PI), and - phosphatidylcholine  (PCy (Figure  S2A).
Tim-2-Ig did not bind any phospholipids even ata high dose. The
Tim-3-Ig or Tim-4-Ig binding to PS was abrogated by RMT3-23
or RMT4-34, respectively, in a dose-dependént manner (Figure
S2BJ: These results indicate that Tim-3 recognizes PS. although the
affinity is lower than that of Tim-4.

Tim-3 recognizes apoptotic cells through the FG loop in IgV
domain

We next explored the Tim-3 recognition site: of apoptotic cells.
Recently, Santiago et al have revealed a crystal structore of Tim-4
and demonstrated that Tim-4 binds PS through the metal fon-
dependent ligand binding site {MILIBS} in the FG loop, which is
conserved in all Tim: family members except Tim-2.% Thus, we

% recognition
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B ok
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o
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® ‘?‘"‘6

-

Apoptotic celf racognition

specifically mutated some of amino acids locating around the FG
loop of Tim-3 to alunine, and transiently transfected HEK293T
cells with ecach mutant construct to: address - the  relationship
between expression level of cach mutant and their phagocytic
activities. We first replaced GIn62 or Arg112 1o Ala because these
amino acids, which locate in FG-CC' ¢left in the 3D structural
model-of Tim=3 IgV domain {(Figure 2C.D), are critical for
galectin-9-independent ligand binding.* Substitution of Gin62 did
not alter the phagocyhic activity, although substitution of Argli2
completely abrogated the activity (Figure 2E}. We next addressed
the putative MILIBS, which locates on the FG surface loop (Figure
2D, The LMIIS/H9AA mutant recognized apoptotic cells only at
high expression levell suggesting that substitution of these residues
to both Ala weakened the activity (Figure 2E). The NDI20/I2TAA
mutant. completely lost the activity (Figure 2E}. These results
suggest that Tim-3 internalizes apoptotic cells through the FG loop
in:IgV domain, and that at least in part galectin-9~indcpendent
ligand binding?* might be linked to recognition of apoptetic cells.

Tim-3 and Tim-4 mediate phagocytosis of apopiotic cells by
distinct macrophage subsets

We neat examined the cell surface expression of Tim melecules on
mouse primary macrophages. and their contribution to the phagocy-
tosis of apoptotic cells. We found Tim-3 expression on peritoncal
exudate Macl” cells (PEMs), but not peritoneal resident Mact”
cells (PRMs) from naive mice (Figure 3A). In contrast. Tim-4 was
highty expressed on PRMs, but not PEMs, which is consistent with
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Figure 4. Involvement of Tim-3 in clearance of apoptotic cells in vivo. Mice
{n'= 4-6 per group) were reated with laG, RKT3-23, and/or RMT4-54 (200 ug each
per mousa} twice a week for 4 weeke. {A}Apoplatic cells inparaffin-embedded splsen
sections from these'mice were datected by TdT-mediated dUTP nick-end labefing
(TUNELY} method. Nuclei were ¢ ined wih | vl Rep fath
sections ffop panels, =20 magnification} were' shown Black bars indicate 100 um.
White squares mark the areas shown at & higher magnification {bottom panels, 80},
(B} The number of TUNEL-positive cells vas counted in at least 10 randomiy chosen
follicles, represented as columns {°F < 0% (C} Anti-dsDNA antibody levels in
serum were determined by ELISA. P valuss compared with rigG are shown. Similar
vesilfis were obtained in 2 independent experimanis.

a previous report.® Neither Tim- | nor Tim-2 was expressed on both
types.of macrophages (Figure 3A Y. This result: prompted us to
investigate whether  these different: types  of  macrophages -use
different Tim molecules to recognize apoptotic cells: As shown in
Figure 3B, PRMs efficiently phagocytosed apoplotic cells, and thig
was significantly inhibited by RMT4-34, but not by RMT3-23. In
contrist, phagocytosis of apoptotic cells by PEMs was significantly
inhibiied by RMT3:23, but not. RMT4-54. These results suggest
that although these macrophage subsets use MerTK and MFG-E8
to recognize and intenalize apoptotic cells, 72 Tim-3 and Tim-4
also play & role in this process by PEMs and PRMs, respectively.
Moreover, we used a mouse sterile peritonitis model to-examine
whether Tim-3 participates in the phagocytosis in vivo, As shown
in Figure 3C, RMT3:23: but not RMT4-34. significantly inhibited
the phagocvtosis of apoplotic cells by peritoneal macrophages,
supgesting that Tim-3 contribules to the phagocytosis of apoptotic
cellsin vivo.

Tim-3 is crucial for clearance of apoplotic cells in vive

To evaluate the physiological role of Tim-3 and Tim-4 in vivo, we
intraperitoneally injected RMT3-23 and/or RMT4-34 inta C37BL/6
mice twice a week: for 4 weeks, and ‘stained apoptotic cells in
various organs by terminal deoxynucleotidy! transferase—mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) method. In
spleen follicles; treatment with either RMT3:23 or RMT4-34
significantly increased TUNEL” cells, and a remarkable increase
was observed ‘with ‘the combination: treatment (Figure '4A.B).
whereas. the  administration - of | these: mAbs 'did -not increase

BLOOD, 18 APRIL 2009 « VOLUME 113, NUMBER 18

the number of TUNEL" cells in the liver, pancreas, or brain
{not shown),

it has been reported that an impairment of clearance of
apoptotic cells induces autoantibody preduction.™?* Thus, we
next measured serum level of autoantibodies in these mice.
Consistent with a recent report.? blocking of Tim-4 by RMT4-54
induced anti-dsDINA antibodies (Figure 4C}. We found that serum
level of anti-dsDNA antibodies was also increased by RMT3-23
(Figure 4CY. These results suggest that Tim-3 as well as Tim-4
participates in the clearance of apoptotic cells in vivo. and that the
disabling of this system leads to autoantibody production.

Tim-3 mediates phagocytosis of apoptotic celis and
cross-presentation by CD8* DCs in vitro

Because Tim-3 is involved in the clearance of apoptotic cells in not
only inflammatory state {Figure 3C) but also steady state (Figure 4)
in vivo, we further addressed the Tim-3 expression on'several types
of naive cells. and found: that Tim-3 was highly. expressed on
peripheral . blood monocoytes and splenic DCs! (Figure: S$3).-More-
over, we noticed that the expression of Tim-3 on splenic CD8* DCs
was approximately 3-fold higher than that on CD8~ DCs (Figure
5A.B). Several groups have demonstrated that. in mouse spleen.
CD8* DCs are uniguely able to recognize apoptotic cells, however,
the receptor for apoptotic eells remains fo be identified.'® ¥ These
reports prompted us to address whether Tim-3 plays a role for the
recognition of apoptotic cells by this DC subsef. Consistent with
previous- reports, 635 we observed that CD8* DCs recognized
apoptotic celis more efficiently than CD8-" DCs (Figure 3C).
Interestingly, masking of Tim-3 by RMT3-23. inhibited approxi-
mately 50% recognition of apopiotic cells by CDE8* DCs (Figure
5C,Dy. suggesting that CD8F DCs use Thm-3 to efficiently recog-
nize apoptotic cells. Conforal microscopy revealed that, although
Tim-X s largely expressed: at cell surface of naive CD8 DCs
(Figure 5E left panel), upon recognition.of apoplotic cells Tim-3 is
recruited to the site of apoptotic cell apposition with the membrane
(Figure SE right panel), suggesting that Tim-3 mediates internaliza-
tion of apoptotic cells by CD8* DCx.

Because €D8% DC is the splenic DC subset that plays w crucial role
in- cross-presentation, >, we next: performed  cross-presentation: study
using OT-L. T cells specific for OVA2./H2KY. Consistent with
previous reports.> 18 we confirmed: that. CD8* DCs culured: with
OVA-joaded.. but not: BSA-Joaded; apoptotic cells. could  efficiently
induce OT-1' CD8* Tecelb proliferation. and that OT-I cells did: not
dircctly respond to OVA-loaded apoptotic cells (Figure $4). Then, we
investigated the: requirement of Tim-=3: for this cross-presentation. As
shown in Figure 6A, we obscrved that CD8* DCs induced OT-1 Tcell
proliferation more vigorously than CD8T DCs. and that inhibition of the
phagacytosis: by RMT3-23 sienificantly abrogated the CD8Y DC-
induced OT-1 celf proliferation. Moreover, we observed a remarkable
reduction in IFN-y production by RMT3.23 (Figure 6B). whereas both
DC subsets Joaded. with OVA 5 peptides - cqually: activated Ol
T cells. inespective of masking Tinx-3 by RMT3.23, Although splenic
DCs express Tim-4 at low level. RAMT4-54 did not inhibit the phagocy-
tosis of apaptotic cells and the cross-presentation in vitro (Figares 5,6).

Tim-3 is crucial for phagocylosis of apoptotic cells and
cross-presentation in vivo

We funther addressed the contribution of Tim-3 to the phagocytosis
of apoptotic cells and cross-presentation by CD8* DCs in vivo. It
has been reporied that intravenously injected apoptotic cells are
taken up mainly by CD&* DCs in mouse spleen.’®** Consistently,
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Figure 5, Tim-3 medi phag is of apoy
cells by CD8+* DCs. (A} Low-density splenocytes were
stained with biotinylated control rligG2a (thin hisiograms).
RMT1-17, BMT2-14, RMT3-23, or RMT4-54 {ihick histo-
grams}, followed by PE-avidin, FITC-anti-CD11c mab,
and APC-anti-CD8a mAb; then Tim expression on
CDa-Chitc* or GD3*CD e cells was analyzed by
flow cytometry. The averags of mean fluorescence inten-
sity {MFl} = 8D of triplicates is represented in panel B.
(G} Purified splenic CD11c+ cells prestained with APC—
anti-CO8x mAE were treated with rigG, BMTI23, or
RAMT4-54, and then cultured with TAMBA'tabeled
apoptotic cells at 37°C. After the indicated time period,
cells were stained with FITC-anti-CD11c mAb, and per-
centage recogaition of TAMRBAJabeled apoplotic celis by
CO8-COHc* ar CD8CDICH cells was quantified
by fiow cytometry. Colurans represent mean = SD of
triplicates in panel D {"'P < 61 compared with ¢igG).
(E) {Left panaly Punfied splenic CDHic™ cells wele
stained with Alexa 647-ant-CD8 mAb and Alexa 504~
RMT3-23. {Right panel} Purfisd splenic CD11c* cells
prestained with Afexa 647-anti-CD8 mAb were cultured
with CFSE-labeled apoptotic cells for 60 irinutes at 37°C;
and then cefls were stained with Alexa 534-RM73-23.
Cells were analyzed by condocal microscopy. White bars
indicate 5 pai. Similar resulis were obtained i 3 (A-Dy or
2 (E} indspendent experiments:

yt
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we also observed that CD8* DCs efficiently recognized CESE-
tabeled apoptotic cells 1 hour after intravenous injection (Figure
7A.Bj. Interestingly, the recognition was significantly abrogated by
RMT3-23. To rule out the possibility that binding of RMT3-23 o
FeR-on DCs might affect’ phagocyiosis of apoptotic celis, we
pretreated mice with anti-FeR (2.4G2). As shown in Figure S5C,
2.4G2 did not affect the blocking actevity of RMT3-23. Morcover.
we prepared Flab'): fragmients of RMT3-23. and observed that the
Flab'y, fragments: did not. lose: the blocking effect (Figure §5).
indicating that the: blocking effect of RMT3-23 is not mediated
through FeRs. These results suggest that Tim-=3 is crucial for the

recognition of apoptotic cells by CD&* DCsin vivo.

To study cross-presentaiion: of apoptotic cell-associated anti-
gens in vive, we transferred CFSE-labeled OT-1 T cells mro
C37BL/6 mice, and then T day later, we primed these mice with
OVA-loaded dying splenocytes. Two days after the priming, we
observed that OT-I cells proliferated vigorously in spleen (Figure
7C. D). although OT-1 cells did not proliferate in unprimed mouse
spleen, indicating that dying cell-associated OVA antigens were
taken up by splenic CD8* DCs and cross-presented to OT- cells,
Consistent with a crucial role of Tim-3 for the uptake of apoptotic
cells by CD8* DCs (Figuire 7A,B), the proliferation of OT-1 cells
was also significantly. reduced: by RMT3.23, but not RMT4:54
(Figure 7C. D), These results suggest that Tim-3 plays a crucial role
in phagocytosis of apoptotic cells and subsequent cross-presenta-

tion by CD87 DCs in vive.
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this study, we demonstrate that Tim:=3 ‘mediates phagocytosis of
apoptotic cells by PEMs and CD8* DCs, and that disabling of the
Tim-3 function in vivo induces autoantibody production. Likewise,
several: studies have shown: that impairment of the clearance of
apoptotic cells causes autoantibody production,™¥ however, the
mechanism for the elicited immune response to dying cells remaing
fo be elucidated. As the possible explanation, delay or impairment
of ‘clearance of apoptotic celis by macrophages causes secondary
necrotic cells ‘releasing intracelular - contents; which could be
endogenous “danger signal” activating immune system.! However,
chironic administration of apoptotic thyniocytes to syngencic mice
induices more’ remarkable’ level of autoantibody production than
that of the same dose of nonapoptotic cell lysate 3 suggesting that
autoantibody production in response to dying cells ¢ould not be
explaihed simply by the exposure of the intraceliular contents. It
has also been reported that, in mice, CD8* DC subset is unique in
its ability fo recoguize apoptotic cells and eross-present dying
cell-associated antigens. !> It s considered that. in steady state,
cross-presentation of dying cell-associated self-antigens by CDR*
DCs induces autoreactive CD8* “Icelf proliferation abortively.
subsequently: resolting in their deletion. which: is’ important to
maintain peripheral tolerance.'%11 Taken together. Tim=3<
mediated phagocytosis of apoptotic cells by CDB* DCs may be
linked to peripheral tolerance, and a Toss of Tim=3 function in DCs
may exacerbate autoimmunity. Consistent with this hypothesis, we
and others have reported that Tim-3 negatively regulates Thi-
mediated inflammatory discases such as EAE: type Idiabetes, and

Discussion

Phagacytes: such as macrophages and DCs cfficiently recognize
and engulf apoptotic cells to maintain the peripheral tolerance. In

aGVHD, and promotes tolerance induction 2+

Alernatively, however, upon. being activated by anti-CD40
mAb, endogenous danger signals such as heat shock proteins and
aric acid, or pathogen-associated molecutar patterns {PAMPs)such
as LPS and CpG, DCs tum to crosssprime CD87 T cells to gencrale
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0 10 Figure 6. Tim-3-mediated phagocytosis of apoptotic cells is crucia)
) for the cross-presentation by CD8* DCs, {A} Purified CDB-CD11c* or
flg6 CDe-CD11c* splenic DCs were prefreated with rigG-{white histograms).
= |/ RMT3-23 RMT3-23 (black histograms}; or RMT4-54 (gray histograms} and then
a = AMT4-54 cultured with OVA-Joaded apoptotic cells, Alter 2 hours, both DC subsets
2 were purified again 1¢ remove dead cells, and then cocultured with OT-
o CDe* T cslls at the indicated ratio. For the direct presentation, both DC
> subsels preincubated with OVAszsrzes peptide (1 £M) in the presence of
3 tlgG, RkT3-23, or RMT4-54 were coculiured with OT-1 CDB- Tcelisata
E 1:30 (DGAT) ratio. PHjthymidine £H-TdR) uplake was measured at 48 to
5 66 hours. (B} Production of iFN-y in the culture supematant at 48 hours
T after addition of OT-{ CDB* T cells was measured by ELISA. Columns
- reprasent mean = SO of triphicates {**P « .01 compared with 1igG).
. ND indicates not detectabls. Similar results were obtained in 3 indopen-
e N dentexperiments (4,8}
o018
DCT 110 1:50
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effector cells. '™ Given that Tim-3 is crucial for IFN-y: production
in cross-présentation and - that: Tim-3 - is expressed on sterile
inflammatory macrophages, Tim-3 may- promote induction of
effector CD8* Tgell proliferation and functional memory under
pathological conditions. Indeed, Anderson: et al have recently
reported that. Tim-3 expressed on DCs exacerbates a: Thi-type
autoimmune disease EAE.2 Although Tim-3. has been reported to
have muliiple functions,”™ it would  be: important: to- further
address whether this novel function of Tim:3 is linked to immune
folerance or activation under pathological conditions.

It remains unclear why CD8- DCs are not able to engulf
apoptotic cells efficiently. ‘although this. DC subsel expresses
Tim=3. One possibility is. that the phagocytic activity may be
determined by relative expression fevel of receptors for “eat-mie”
signals and “don’t eat-me” signals. Although’ we observed: that
expression level of Tim-3 on CD8% DCy is approximately J-fold
higher than that on CD8~ DCs; it has been reported that signal-
regulatory protein (SIRP, a receptor for “don’t cat-me’” signal,>?
is much more highly expréssed on CD$™ DCs than CD8% DCs*
Taken together; a high ¢xpression of Tim-3 may be required for the
phagocytosis by DCs. and/or SIRPe may neutralize Tem-3 function
on CD8 DCs. Moreoveér, phagocytic activity of each cell type may
be determined. not only by expression: level of - the phagocytic
receptor, - butalso’ cell:intrinsic phagocytic ‘machinery such: as
cytoskeletal - architéciure. - Indeed, Tim-3 as well as Tim-l s
expressed on activated T cells.>*? but these T cells are not able to
recognize apoptotic cells.

Tt this study; ectopic expression of Tim-3 enabled HEK293 T cells to
engulf. whole apoptotic: cells. Hawever, Miyanishi et sl could not
observe the phagocytic activity of Tum-3 expressed on NIH3TS cells
hased ‘on: their engulfment -assay, which quantified nuclear’ DNA
degradation of apoplotic cells engulfed by NIH3T3 expressing Tim-3

and DNase 1.3 To address this discrepancy, we also generated NIH3T3
cells expressing Tim-3. and did not observe the ability of Tim-3 to
mediate engulfment of whole apoptotic cells; although we did abserve
the ability of Tim-3 to incorporate CESE-labeled apoptotic cell debris
(Figure S6}. The reason why Tim-3 expressed on NIH3T2 cells is not
able to efficiently phagocytose apoptotic cells ramains o be elucidated.
We cannot rule out the possibility that Tim-3 may recognize apoptotic
cells in coopertion with soime coreceptor, which may be expressed on
HER2937F cells, macrophages, and CD8* DCs, but not NTH3T3 cellsor
CD&- DCs. Likewise. it hias been reported that although gene targeting
of McrTK recepior results in remarkable: defect of - phagocytosis of
apoplotic cells by macrophages,” the receplor requires coexpression of
&y infegrin o cnable NIH3T3 ¢ells to recognize apoptotic celis®
Although we did observe PS binding of Tim-3 by solid-phase ELISA.
Mivanishi et al failed fo observe this by PIP=suip binding assay.® This
diserepancy is probably du¢ to a difference in assay sensitivity. Given
that the affinity of Tim-3 to PS is much lower than that of Tim=4, Tim-3
might bind not only PS' but also some other ligand 1o phagocytose
apoptotic cells. Further studies are needed to elucidate the complexity of
phagocytosis.

We'show here a crucial role of Tim-3 for clearance of apoplotic
cells in vive and differential expression profile of phagorytic Tim
molecules, suggesting that the pathophysiological roles of each
Tim molecule appear 1o be differcat. Because Tim-1 is expressed
on epithelial cells but not professional. phagocytes, Tim-1 may
contribute: to remodeling of injured epithelia’ Tim-4 is highly
expressed on PRMSs, and: contributes {o the phagocytosis. of
apoptotic cells during physiological tissue turnover.® Our findings
highlight Tim-3 as the phagocytic receptor responsible for cross-
presentation by CD8* DCs. This novel function of Tim-3 opens the
door to new therapeutic approaches to combat infections, cancers,
and autoimmune discases.
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Figure 7. Tin3 is crucial for the phagocytosis of A
apoptotic cells and. cross-presentation in vive.
{A) Mice {n = 3 per group) were intravenously injected
with the indicated mAb {200 ug each per headj, and then

Uninjected
2 hours later with CFSE-fabeled apoptotic splenocytes
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Apoptotic cells

RMT3-23
RMT4-54

RMT3-23 RMT4-54

{2 107 pet head). Cne hour later, collagenase-digested
splenccyles wers harvested, and recognition of CFSE-
labeled apeptotic cells by splenic. CDic™ cells was

analyzed by flow cylomelry. Numbers indicate percent-
age of cells in top right quadrants. {B} Cellagenase-
digested splenccytes were harvested from mice treated
as described in panel A at indicated time points; and

recognition of apoptotic cells by splenic CD8* DGs was t
lyzed by flow cylometry. P iage recognition of
CFSE-tabeled apoptatic cells by CD8* DUs (percentage B

!
3
m

CFSE-CDB*CD1ic- cellspercentage CDa CD11ct £

cells = 100} was calcuiated, Columns represent mean = 8D k-

of triplicates {'P < .05; P < .01 compared with rlgG}. g 2
Simiar results were obtained in 3 independent expert- k4 %
ments. {C} CFSE-abeled OT- CD8* T cells {2 x 10° 38

per head) were intravenously transferred into B8 mice 2%

{n = 3 per group). The next day, mice were intravenously 2d 2s
injected with the indicated mAb {200 ug sach per head), §,

and then 2 houts later pimed with OVA-loaded apoptolic
cells {107 per head). Two days later, whole splenocytes
ware hervested, and CFSE intensity of CD3Va2+ OT-
cells was analyzed by flow cylometry. Percentage of
undivided cells in total OT-} cells (DO per OT-tin Cy was
calculated, and mean = SD of wiplicates was shown in
panel D ("B < .01 compared with rigG). Similar results
wete oblained in 3 independant experdiments.
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SUMMARY

Intereukin-17A (IL-17A)} is a cylokine produced by T
helper 17 (Th17) cells and plays important roles in
the development of inflammatory diseases. Although
IL-17F is highly homologous to IL-17A and binds the
same receptor, the functional roles of this molecule
remain largely unknown. Here, we demonstrated
with I17a™"~, IN767~, and #117a/ 711 77~ mice that
1L-17F played only marginal roles, if at all, in the
development of delayed-type and contacthypersen~
sitivities, autoimmune encephalomyelitis, collagen-
induced arthritis, and arthritis in #11rm~’" mice. In
contrast, both IL-17F and IL-17A were involved in
host defense against mucoepithelial infection by
Staphylococcus aureus and Citrobacter rodentium.
IL-17A was produced mainly in T cells; whereas iL-
17F was produced in T c¢ells, innate immune cells,
and epithelial cells. Although only IL-17A efficiently
induced: cytokines in macrophages, both cytokines
activated epithelial innate immune responses. These
observations indicate that IL-17A and iL-17F have
overlapping yet distinct roles in host immune: and
defense mechanisms.

INTRODUCTION

Naive CD4* T cells are categorized into several helper T (Th} cell
subssts, including Th1 and Th2 cells; on the basis of their cyto-
kine production profiles and effector functions. Recently, Th17
cells that preferentially produce interleukin-17A: (IL-17A), 1L
17F, 1L-21, and 1L-22 were identified in' mice {(McGeachy and
Cua,;: 2008; Ouyang et &b, 2008).. Th17 cell differentiation is
induced by TGF-B plus IL-6 {Bettelli et al., 2006; Mangan et al;,
2006; Veldhoen et ak, 2006a) or IL-21 (Korn et al., 2007; Nurieva
et al,, 2007: Zhou et al, 2007} and accelerated by the coordi-
nated activities of IL-1 and TNF {(Veidhoen et al.,; 2006a). 1L-23
is required. for the growth, survival, and: effector functions. of

108 Immunity 30, 108119, January 16, 2009 £2009 Elsevier Inc;

Thi7 cells and promotes L-17A and IL-17F production by this
T.celt subset (Veldhoen et al., 2006a; Zhou et al.; 2007).

IL-17F and 1L=17A are highly homologous members of the
IL-17 protein family and are encoded by genes that are located
nearby each other in both humans and mice (Kawaguchi et al.,
2004; Kolig and: Linden, 2004; Weaver et ak, 2007). It has been
reported that IL-17A and IL-17F may bing the same receptor
complexes consisting. of IL-17RA and IL-17RC (Toy et al,,
2006; Zheng et al, 2008}, suggesting that these cytokines
have similar biological functions:. Consistent: with this notion,
both IL-17A and IL-17F induce the production of antimicrobial
peptides (defensins), cytokines (IL-6, G-CSF, GM-CSF}, and
chemokines (CXCL1, CXCL2, CXCLS5), as well as: enhance
granulopoiesis ‘and neutrophil- recruitment {Kawaguchi et al,,
2004; Kolls and Linden, 2004; Weaver et al,; 2007). Overéx-
pression of IL-17F or IL-17A iy the lungs leads to increased
proinflammatory cytokine and chemokine expression; resulting
in inflammation: associated  with: neutrophil- infiltration: {Hurst
8t al, 2002; Oda et al., 2005; Park et sk, 2005; Yang et al.,
2008).

Several lines of evidence have established that the 1L-23-1L-
17A signaling axis rather than the IL=12-{FN-y signaling axis
is responsible for the development of aufoimmune diseases
such as experimental. autoimmune ‘encephalomyelitis (EAE],
collagen-induced arthritis {CIA), andinflammatory boweldisease
{IBD); as well as allergic diseases such as contact hypersensi-
tivity -(CHS} and: delayed-type hypersensitivity (DTH) in mice
{McGeachy and Cua, 2008; Oboki et al., 2008). Recent studies
suggest that Th17 celis are also involved in the host defense
againstinfection, because antigen-presenting cells (APCs) stim-
ulated with such microbial products as lipopolysaccharids {(LPS),
peptidogiycans, and zymosan prodice a farge amount of 1L-23,
resulting: in the developiment of Th17 cells {LelbundGut-Land-
mann et al, 2007; van Beelen et al, 2007; Veldhoen et ak,
2006b). Furthermore, Il 7ra’~ mice and/or 1123277 mice are
more susceptible to Klebsiefla pneuroniae in the lungs (Happet
et al., 2005 and Citrobacter rodentium inthe intestines {(Mangan
et al; 2006; Zheng et al;, 2008). However, the relative contribu-
tions of IL-17A and [L-17F to autoimmune and allergic diseases
as well as host defense processes remain to be ellicidated.
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Figure 1. IL-17F Contributes to the Devel~
ppment  of Spordaseous  Autoimmune
Artivritis in fifen™' Mice

{A) Profies of intraceliutar 1L-17F, (L-17A, and
IFN-y expression in LN cells from wild-type
and arthiitic #7r ™ mice stimulated with PMA
and jonomycin in vitro,

{8) Profiles of intraceliular tL-17F, IL-I7A, and
IFN-y exprassion in cells from the ankle joints of
wild-type and-arthntic” f7m7"" ‘mice- stimulated
with PMA and ionomycin.

{C} Expression of {L-17A and IL-17F mRNA in the
joints of arthitic #1m % mice.

(Dj Arthriss incidence and severity scoresin fim ™~
mice. Left panels: open circkes reprasent #1777,
open tiangles represent 172677, and closed dia-
monds represent 11757 miceonan T back-
ground; right panels: opencircles represent i 7a™"
H178%, open tiangles represent fif 7a~ 1T,
and closed diamonds répresert 172 IHIET
mice on an fHm' " background {n = 15-22/
group}. *, p < 0.05 and . p < 0.01 versus H17¢"

or 178 i1 71 mice determined with 7 tests.
(£} Intracelivlar -1 74 expression in LN cells from
wild-type, H17a"H121 Him, 176 im0,
and 178 Htm™" mice stimulated with PMA
and ionomygin,

Data are representative of two (C and B} or thiee
{A'and B} independent experiments.
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17271767 mice, IL-17A production
was normal in #1176~ mice, and neither

H7a " iTE”

IL-17A nor IL-17F 'was required - for

TGF-B plus iL-6-induced Th17 cell differ-
entiation (Figure 82).

IL-17A plays a crucial role In the spon-
taneous development of arthritis in' lL-1
receptor antagorést-deficient (11m™"}

in this study, we discriminated between the functions of IL-17F
ard -1 7A Inimmune responses and host defense mechanisms
directed against bacterialinfection. To accomplish this, we have
generated mice facking IL-17F (117677} orboth I1L-17A and 1L~
178 (174 1176-17), which were used together with préviously
generated Iff7a~" mice (Nakae et al, 2002}, and shown that
IL-17A and IL-17F play distinct roles in the development of
T cell-mediated inflammation and immune responses against
bacteriat infection.

RESULTS

<1 7F Contributes to the Development of Arthritis

in [L-1 Receptor Antagonist-Deficient Mice

To elicidate the functional differences between IL-17F and
IL-17A in the immune systern, we generated lIf 7 M,
and 17a- 11781 mice (Figure S1, available online). These
mice were bom healthy at the expected Mendelian ratio, were
fertile, and showed no gross phenotypic abniormalities, including
in their lymphoid cell populations {data not shown}. Proliferative
responses and hterferon-v: (IFN-y) production were normal in

mice (Nakae et al;; 2003b). There were
more IL-17F-producing: cells, which also
produced IL-17A,'among the adhritic frn 7 lymph node (LN}
cells than among the wild-type LN cells, which was also trus of
the IFN-v-producing cells {Horat et al.; 2004) (Figure 1A). The
LAA7AMIL-A7FY cell number and JL-17A and IL-17F mBNA
expression’ were also atigmented in LN cells from arthiitic
=" mice (Figures 18 and 1C). The development of arthritis
was ‘considerably, but only partially, suppressed in #1177
IHra~ mice compared with littermate HI7£7m 7 and
i controls diring the 30 wesk observation petiod
{Figure 1D). Compared with 117f 7~ #H1rn"' mice, arthritis devel-
opmentwasmarkediy suppressedin/t 17aCin7e Mm™ " mice
{Figure 1D} The IL-17A7 T cell populations in LNs from I/ 7a*
R and 1761 en~ mice were similar (Figure 1E).
Likewise, EAE, CIA, DTH, 2.4.6-frinitrochiorebenzene (TNCB)-
induced CHS, and neutrophilic airway inflammation induced by
OVA in DOT1.10 mice, in which IL-17A plays an imporantrole
{Komiyama et al.; 2006; Nakae et al,; 2002, 20034, 2007}, also
developed nomally in the 1777 mice (Figures $3-87, and
Table S1). These results indicate that IL-17A plays:a major role
inT-cell-dependent actoimmune and allérgic responses, but
IL=17F only marginally contributes to these responses, if at all.
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Figure 2. Increased Susceptiblity ot1H17a i
H7F° Mice to Opportunistic 5. aureus
Infection

(A Weight and gross momphology of submandib-
ular LNs from BALB/CA mice at 12-16 weeks of
age {n = 3-8/groupl.

{8} Immunoglobulin titers in sera frommice at 8-10
weeks of age (n = 8-8/group). Simiar results were
also observed on a 5781460 background.
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{1727 1176 1 Mice Show Increased Susceptibility

to Opportunisticinfection by §. aureus

We found that the submandibular LNs of ff 7= 111 77/~ mice.
butnot of wild:typs, JI7 797, orli17a7’" mice, became enlarged
as the mice aged; this effect was observed in various genetic
backgrounds, including the C57BL/6J; BALB/CA, and 129/0la
% C57BL/BJ strains (Figure 2A. and data not shownj. At 8-10
weeks of age, IgM titers were similar between #7 7a st

and wild-type mice. Whereas total 1gG, 1gGt, 19G2a, and
{gG2b thers were increased 2-4 fold in the WMza izt
mice compared with wild-type mice, IgG3 titers in the 172"~

1767 'mice: were reduced  (Figure 2B}, Interestingly. the
781176 mice: developed mucocutansous - abscesses
around the nose and mouth {Figure 2C). Histologicalanalysesre-
vealed fibrin-encased abscesses and marked leukocyte infittra-
tion specifically in the mucocutaneous tissues of the /] 7a~is
11767 mice.

The LN enlargement; subcutaneous abscess formation, and
increased: Ab: production: suggested that the niza= e
mice may have been responding to an infection. In support of
this idea, antibictic treatment suppressed the enlargement of

110 Immunity. 30, 108-118, January 16, 2009 ©200% Elsevier Inc.
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{C Histopathology ©f #1772~ 77" mwcocuta-
neous Hssues around the nose and mouth {H&E,
top, 40x; bottom, 120%}. Data are representative
ot four mice for each group.

{D) Weight of submandibular LNs from #7172 "
17 mice on & BALBYCA beckground with or
withaut oral antiblotic treatiment between 4 and 8
weeks of age (= 1D/group).

{Ey Representative plates showing bactedal colo-
nies recovered fromy mucocutaneous tissues of
BALB/CA mice at 12-18 wesks of age.

{FyCFU of S, aureusin homogenates front mucocu-
tanesus tissues in mice at 12-18 weeks of age.
Data are popled from three independant experi-
ments.

{Gy Survival rate in mice after htravenous {.v)
injectionof 1 % 107 CFU of 8, aureus {n'= 1 V/group).
Data are reprasentative of two independent expey-
ifvens!

{Hy. 8. aureus  CFUs ' in kidney' homogenates
collected 3 days after iv. injction of 1 x 107
CFU ot S. aureus [ = 47groupy. Dataare represen-
tative of two independent expenments.

*p <05, D05 and T p< 0.05 versus wild-
type: Data represent means = SEM in (B}, (D}, {P),
and {H}.

G3

submandibular INs in H7a izt
mice {Figure 2D}. Then, wetred torecover
infected microorganisms from the muco-
cutaneous: tissues: around the nose and
mouth of the 117/~ I17¢ " mice; the
opportunistic bacterium Staphylococcus atreus was recovered
from {he affected tissues of these mice. When mucocutaneous
tissue homogenates from these mice were cullured, more
bacteria was observed in 11727 1117F% mouse homogenate
compared with samples from wild-type, #1177, and 1727
mice {Figures 2E and 2F} suggesting that both IL-17A and IL-
17F are critically important to protect the mice against mucocu-
taneous S. aureus infections. To lnvestigate whether I-17A and
{L-17F play a role in systemic S. aureus infection, we challenged
mice with S. aureus by intravenous injection. However, no differ-
ence was observed in the survival and the number of bacteria
recovered from the kidney 72 hr later between wild-type and
o mlce (Figures 2G and 2H): Thess results suggest
that both 1L-17A and IL-17F play: critical roles in protecting
againstiocal, but not systemic, infection against S. aureus.

Both IL-17F and IL-174A Are Required for Host Defense
against €. rodentium Infections

Because the #17a - 11 7f"~ mice were susceptible to opportu-
nistic infections by S. aureus; we examined the susceptibilities of
M7El M7a77, and B17a 71767 mice to expsrimental
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C. rodentium infection, Afier oral infection with C. rodentium. the
number of bacteria in the colons of wild-type 129/0la x
C578L/6J mice increased untii. 14 days after infection, and
decreased thereafter (Figure 3A). A substantially greater number
of bacteria was detected in the colons of #1757 17277, and
117a~ 117 mice compared with wild-type mice at each
time point after infection, although the bacterial burden' in the
mutant mice declined by day 21 and ali of the genotypss re-
tumed to the wild-type level by day 28 after infection. Notably,
bacterial nuimbers in the colon were similar among 17777,
H17a~", and I17a--117f - rice. Marked expansion of the
bacterial population was also observed in the distal colon of
767 178~ and {17a I 767 mice compared with that
of wild-type mice 14 days after infection (Figure 3B). Further-
more, whereas remarkable hypertrophy of the colon and spleen
was observed in 11767 and #1727 111765 mice. only mild
hypertrophy was detected in /172"~ mice (Figwes 3C and
3D). Consistent with these observations, more severe inflamma-
tory changes were observed in the colons of §17f *~ and I 7a~’"
111787~ mice compared to /i17a~'~ mice 14 days after infection,
suggesting that IL-17F plays a larger role than IL-17A in the
immune response against this bacteriurn (Figures 3&: and 3F).
These observations clearly show that both IL-17A and IL-17F
play important roles to protect hosts against C. rodentium
infections.

iL.-17F and IL-17A Are Required for the Expression

of p-Déferisin in the Colon

Then, we analyzed the antibacterial mechanisms induced by L«
174 and IL-17F. The serum amounts of C. rodentiumi-specific
1gG; which is important for bacterial clearance {Mundy et al.,
2005}, were increased in all of the mutant mice (Figure 58). sug-
gesting that the humoral immune response against C. rodentium
was not responsible for delayed bactenaiclearance inthe 177 =,
H7a™", and 174" 7E" mice.

Both IL-17A and IL-17F regulate innate immunity by inducing
neutrophil recruitment and ® antimicrobial ‘peptide ' production
{Ouyang et al; 2008). Compared to wild-type mice, however,
mRNA expression of neutrophil chemoatiractants, such as
CXCL1 and CXCL2, and proinflammatory mediators, such as
[FN-y, IL-18, JL-6, TNE, ang iNOS, were similarly increased in
the cofons of H17F7~, i17a ', and iiiza " lit7e " mice 14
days after C. redentium Infection (Figure 4A}. However, the
expression of antimicrobial peptides. such as p-dsfansin 1, 3,
and 4 (but not R-defensin 2, lipocalin 2, S100A8, S100AS,
Reg3p. and Reg3y), was markedly impaired in the colons of
78, 172777, and 1178111777 mice on day 14 after
C.  rodentium infection (Figure 4B). These results suggest that
both 1L-17F and IL-17A are critical to induce the expression of
f-defensing, which are important for the host defense against
C.'rodentium.

IL<17F and IL-17A Are Produced by Different Cells

iy the Colon

IL-17AmRNAis more highly expressed in thesmall intestine than
in the colon {lvanov et al., 2006}, In contrast, IL-17F mRNA
expréssion in the colon was higher than that in the small intestine
{Frgure 5AY. Diring C. rodentium infection; the éxpression of both
IL=17A and L<17F mBNA was induced in the colon of wild-type

mice, although a larger increase was observed for IL-1T7AmRNA
expression {day 14: IL-17A, 29-fold; IL-17F, 14-fold) (Figure 58).
Under these conditions, I1L-17A mRNA expression was not influ-
enced by IL-17F deficiency and vice versa. Although only a few
{L-17A- and IL-17F-producing cells were found among the
colonic lymphocytes of uninfected wild-type rice (Figure 5C),
the population of IL-17F-producing cells, which also produced
IL<17A, increased in infected wild-type mice (Figure 5D). In
contrast to the coordinate production of IL-17A and IL-17F by
LN cells after the development of DTH, EAE, or arthritis
{Figure 1A and Figure S5), however, the percentage of IL-
17ANIL-17F 7 cells in the colonic lymphocytes was much larger
than that of IL-17A7IL-17F" cells (Figure 50). Both IL-17A" and
IL-17F* cells were riot observed in the fiT7a /" 1f17f'~ colonic
lymphocyte population, whereas the rnumber of IFN-v* vells
markedly increased during C. rodentium infection (Figure 5D).

Because the induction kinetics was different for the two mole-
cules and IL-17F producer cells were scarcely found in colonic
lymphocytes, IL-17A and IL-17F may be produced by different
czlls in the colon. The mRBNA expression of these molecules
was examined in the colons of recombination activating gene-
2-deficient (RagZ""' "} mice, in which ' both T and B cells are
absent. The expression of (L-17A mRNA in'the mesenteric LNs
(MLNs)Y was markedly higher than that in colons on day 7 after
C. rodentium infection in wild-type mice (Figure 5E), The amount
of L=17A mRNA, however, was markedly decreased (approxi-
mately 20% of wild-type) in Rag2 "~ mice (Figures 5& and 5F),
suggesting that Th17 cells may be the major producer of iL-
17AIn the MLN. In contrast; tha amount of IL-17F expression
was only decréased by approximately 50% in the MLNs of these
mice [Figures 5E and 5F). IL-17A mBNA expression was also
markedly decreased in the colons of RagZ2~’~ mice, whereas
the {L-17F mRNA expression was similar between wild-type
and Rag2”~ mice (Figures 5E and 5F). I addition, IL-17F, but
not IL-17A, production in' the whole-colon-culture supematants
from Rag2 ™"~ mice was increased by the treatment with L-23,
whereas both IL-17A and IL-17F production were induced in
those from wild-lype mice, indicating that IL-17F s also
produced by non-T and non-B cells (Figure 5G). We nextexam-
ined which cells produce IL-17F in response to 1L-23. Interest-
ingly, 1L-23 stimulation led to enhanced IL-17F production in
splerocytes or MLNs from Ragz = or-C.B-17 SCID mice
compared to. those from: wild-type mice, whereas only a
small amount of IL-17A was produced in these cells (Figures
54 and 5, and Figure S9). Among innate immune’ cells,
CD1ic Gri B220 F4/F80 Gr17 cells were likely to mainly
produce [L=17F upon 1L-23 stimulation (Figure S9).

Because IL-17F is expressed in lung epithelial cells (ECs)
{Suzuki &t al., 2007}, we also examined whether IL-17F was ex-
pressed: in colonic: ECs. IL-17F. mRNA, but not IL-17A mANA,
was detected in CD45" FACS-sorted colonic ECs from infected
wild-type mice; this contrasted 16 CD45™ intraepithelial immune
cells and ConA-stimulated splenocyies, in which both IL-17A
and (L-17F were detected {(Figure 5J Morsover, IL-17F, but
not IL-17A, mRNA was expressed in mouse colonic. EC lines
{Figure 5K). These resuits indicate that, in addition to infiltrating
lymiphocytes, IL-17F is- produced by non-T, non-B. imate
immune cells and colonic ECs in response to-infection with
C. rodentium.

Immunity 30; 108-118; January 16, 2008 $2008 Elsevier Inc.© 111
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Figre 30 1L-17F and lL 17A Are Requzred for the Protection against G rodentium Infection

Wilo-type 1765 172 5 and 172 11787 mice were orally infected with 2 x 10°% CEU of G rodentium, and the colons and splzens were harvested'atthe
indicated time points after infestion.

(A C. rodentium CEUs in colon harmogdenates (= 10-18/group}, Data show pooled results from two or three independent experiments.

(B} Visualization 6f C. rodentium in the distal colon 14 days after oralinfection fop, 40x; battom, 120x}. Data are representative of fourto six mice foreach group:
(C'and Di Colon weight {C) and spleen weight (D) afer oral infection as shown in (A} Data show podlad results from two or three indspendent expenments
{r= 10 16/group).

(E and F} Histopathology (Ej and crypt length {F) in the distal'colon 14 days afteroral infectiory (HAE, 40 X} Data'are pooled from fwa or three indépendent exper:
iments {uninfected, n = Jgroup; day 14, n = 20-23group}. In {F}, white bars represent uninfested mice, and black bars repessent day 14 mice:

T p< 008 7 p< 001, and ™" p'< 0,001 versus wild-type mice, Data represent means = SEM i (A} and (Cj~{F.
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Figure 4. IL-17F and {L~17A Are Reguired for the Induction of f-Defensin Expression during €. rodertium Infection

(A} The expression of inflammatory. rediators it the colorn 14 days after nfection with C. rodentium was determired with semiquantitative RT-PCR.

{8} The expression of antimicrobial peptide i the colon 14 days after infection with C. rodentium was determined with real-time RT-PCR. Data represent the
mearns < SEM. The RNA sample was poodled from six to eight mice for each group.

All data are represéntative of three independent expedments:

iL-17RC Is Highly Expressed in Colonic Epithelial Cells
Two receptor molecules, IL-17RA and IL-17RC, reportedly bind
L-17A and IL-17F {Toy et al., 2006; Zheng et at, 2008}, Because
the binding affinities of iL-17Aand IL-17F for these receptors are
diffarent (Hymowitz et al.; 2001; Kuestner et al.. 2007; Wright
et al, 2008}, we examined the tissue distribution of these mole-
cules. As reported previously (Kuestner et al., 2007}, IL-17RA
mRANA was highly expressed in such lymphoid tissues as the
thymus, spleen, and LNs (Figure 6A). On the other hand, L=
17RC mRNA was expressad at high amounts in such nonhema-
tapoietic - tissues  as the * colon, small intestine, © and ‘lung
{Figure 6A). Consistent with these observations, T and macro-~
phiage cell lines expressed higher amounts of IL-17RA mRNA
thart a colonic: EC line, whereas the colonic EC line expressed
higher ‘amounts  of IL-17RC mRNA than the T cell line
{Figurs 6B). We also found that IL-17RA or Actt mRNA was
constitutively eéxpressed in Thy1.2* cells, B220" cells; CD11¢”
cells, CD11b* cells, peritoneal macrophages,  and colonic
epithefial cells (CMT93}, whereas IL-17RC mRNA was detected
only peritoneal macrophages and- colonic ECs (Figure. 6C).
Thus, the tissues distributions of these receptors’ are strikingly
different; and colonic ECs preferentially express IL-17RC.

We niext examined whether [L-17F ¢an transduce signals to
T celfs; padtoneal macrophages, of colonic epithelial cells, We
found that IL=17A could induce 1L.-6 by peritoneal macrophages,
CCL2 by CD4* T cells, or lipocalin 2 and §-defensin 3 by colonic
epithelial cells (CMT93) in a dose-dependent manner (Figures
6D-6F), and 50 ng/mi of IL-17A was sufficient to induce several
cytokines and chemokines by these cells (Figures 6D-6! and
Figure S10). The cytokine-inducing activity of IL-17A was not
the effect of contaminated LPS,; because we found that IL-6
production was observed in' IL-17A-treated peritoneat macro-
phages from both C3H/HeN (LPS-sensitive) and C3H/MHed
{LPS-insensitive) mice (Figure 6D). However, whereas IL-6,
CCL3: and G-CSF production wereinduced in peritoneal macro-
phages by the treatment with IL-17F (50 ng/mi), this cytokine
could not increase; other inflammatory. mediators, which was

induced by IL-17A {Figures. 6D and 6H and Figure 510). In
contrast, similar to IL-17A, treatment of IL-17F in colonic epithe-
liat celts. induced most of inflammatory mediators examined,
although' the activity of IL-17F was slightly lower compared to
that of IL-17A (Figures 6F and 6G and Figure 510). IL-17A, but
not IL-17E, also induced : several cytokine ‘and chemokine
production in CD4* T csils. We could not observe any synergy
between IL-17A and [L-17F  (Figwes  6F,. 6G, and 8l and
Figure S10). Thus, these observations suggest that IL-17A and
IL-17F can differentially. induce the expression of cytokines
and-antimicrobial peptides in a cell-type-specific manner.

DISCUSSION

In this report, we have demonstrated thatit-17Ais critical for the
development of DTH, CHS. EAE, CIA; and arthritis in -
mice, whereas IL-17F is: not only dispensable for the induction
of these responses, but also does not have any substantial addi-
tive, synergistic, or compensatory effects to those of IL-17An
these disorders.. These observations suggest that IL-17F has
only - low  activity . compared  to IL-17A0 in these immune
responses, although IL-17A and IL-17F are produced simulta-
neously by Th17 cells and bind the same receptors. In this re-
gard, we folind that cytokine-inducing activity of IL-17F from
macrophages or T cells was much fower than IL-17A. Because
1L-17A enhances immune responses by activating T celt priming
{Nakae et al, 2002, 2003b}, and induces inflammation by
inducing cytokines from various types of celis including macro-
phages (Da Silva et al;, 2008; Jovanovic et al, 1998) and
dendritic cells {Antonysamy et al; 1999; Coury st al., 2008);
this low cytokine-inducing activity ‘of IL-17F on immune cells
may be responsible for the inefficiency of this cytokine inallergic
and autoimmune responses.

We showed that 1178/~ 1117F " mice were sensitive to oppor-
tunistic inféction with S. aureus, indicating that IL-17Aand IL-17F
are important for host defenseagainst this bacterium, Consistent
with this observation, increased susceptibility to:S. aureus was

Immunity 30, 108~119, January 18, 2008 $2009 Elsevier Inc. - 113
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Figure 5. TL-17F and IL=17A Are Produced by Different Celis

(A Colon, small intestine, and peripheral Lis from wild-type mice were analyzed for [L=17A and IL-1 7E mBNA expression with real-time RT-PCR. Exprsssion in
LN cells was defined'as 1.

(8. The expression of iL-17A and IL-17F i the colons.of mice 7 and 14 days aflerinfection with C. rodentium was determined with reak time BT-POR. The RNA
sample was a pool of samples from our 1o six mice for each group. The expression in uninfectad wild-type mice was definedas 1.

(G and D) Profles of intracellular I-17F, IL-17A; and IFN-y expression in colonic PMA- and ionomycin-stimulated iymphocytes from tninfested mice (C) or mice
14 days atter niection with C. rodentium {Dy.

(E and F} The colons and MLNs of C5781L/6J wik-type and Rag2 7 mice 7 days after infection with C. rodentium were analyzed for 11174 and [L-17E mBNA
expression with real-time RT-PCRs [ (0 = b-6/group). The expression in wild-type colon was defined as 4. The expression of these cytokines iy the colon and
MLNs of Rag2 " mice was determined as a percentage of the expression in wild-type mice iF1.

{6} Whole colons of uninfected wild-type, Bag2 ", and f17a * 117¢ 1 mice ware cultured for 24 hrin the presence or absence of 20 ng/mi IL-23 The concen:
trations of iL-17A or IL-17F in supernatant were detenmined by ELISAs and were nommalized to total protein content for each sampls {n = 5-8/groupy. Similar
results were also abiserved . C.B-17: SCID mice.

{Hand §f Splenocytes (5 x 10° cells) {H) or MENs (1.5 % 10° calls) § of wiki-type and Hag2 " mice were culitrad in 24- or 48-well plates; respectively, i the
presence or absence of 8 pg/miLPS and 20 ng/mi IL-23 for 72 br, and L-17 A and IL-17F amounts i culture supematants were determined with ELISA.

(Jy Colonic epthelial (CD45 . and high FSC and SSC: gates Bt and R3) cells and intraepithefal immune cells (CDA5 7 gate RZ) were isolated from tHe colons of
unirfected wild-type mice with flow cytometry, and the expression of IL-17F and IL- 17A was examined with RT-PCR.

114 Immunity 30, 108-119, January 18, 2000 £2009 Elsavier Inc.

118




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

(s IHTRC c
IL-17RA

L-17RC

0 ocatmen G 1
e C3H/MHeJ Colon ECs Macrophages

25 =150 = 60 . =
= = E faSid &
£ 20 S 10 s, SRR T T | b3
S 15 & 100 & . g
E40 2 50 % = o
o5 S 2, 2

= 600 = P = 600
£ 400 = 400
E o 200 o & 200 I l
fond () L}
E g 2 oiems D0d Em =g INDEOC ERL
g 80 & 80
o aGE %’g‘ 4 &
S NONDND 2546 15232' g
é\‘@ o (,_)0 & (,JW & wE’: 03 0» 5

Lo

&
IL-‘%?A. -17F
< {ng/ml} (ng!ml)

&0, Hpocalin 2

25
o 3 x*
15 Pedefensin3 : P
i
o =it B

| l“ is ST

~(\ ¢><§)<QQ 64:0@0 @0.:30 &&e’ \\, \\, i"
¥

IL-17A IL-17F =178 <
{ng/miy (ng/mi} 1176 W
{ngsmi}

nefoid induction

CXCLT (ngiml) CCL3 {painl}
CXCL 1 {(ng/ml) CCL3 {pg/mi)
CXCLT (pgfmh) CCL3 (pg/mil)

QQ;AQO‘

&

Figure 6. IL-17RA and IL-17RC Show Different Tissue Distributions

(A and Bj The expression of IL-17RA and [L-37RC in tissues from 120/01a x CS7BL/EJ wild-type mice (), ard deferent cell lines (B} were determined with reals
time RT-PCH.

{C} The expression of L-17RA, (1:17RC, and Act? in different cell poputations oblained by MACS sorting was datermined with RT-PCR:

(O} Peritoneal macrophages were siimilated for 24 hr with 5-250 ng/dmt IL-17Aor 1L-17F o 10-100ng/mi LPS, and [L:b amourtts inthe cultre supematants were
datermined with ELISAs,

{E:CD4* T celis from C5781/64 mice obtained by MACS sorting were stimulated f%or48 hrwith 5-250 ng/m! I -17A o [L-17F, and CCL2 In the culturé supernatants
was determined with Bio-Flox suspension aray system (Bio-Rad).

{F) The expression of lipocalin 2 and 8-defensin 3 in colonic epithelial cell fine {CMTEA) stimulated for 6 hrwith 5-250 ng/mi I3 Ao ILTE individualy, or with
combination of S0-250 ng/ml {L~174 and 1L-17F, \was determnined with real-time RT-PCR.

{G=} Colonic epithelial cell ling (CMTE3} (G); peritoneal macrophages from C3t¥Hed mice (H), or CO4” T cels from C57BL/G I mice (hwere stimplatedfor24 (G
and Hi or 48 hr () with 50 ng/mi IL-17A of [L-17F indiiidually, or with 2 combination of 50 agfmi IL-174 and IL-17F L IL-15, 1L:9, GM-USF, CCL3, or GXCLtin the
cultitre supematants were determined with the Bio-Flex suspension array system (Bio-Radj, ND denotes ot detected. " p<0.05."7 p< 0.01,and ™' p < 4001
versus medium alone:

All data represent means = SEM and are represeniative of three independent experiments.

reported in i17ra = mice (Schwarzenberger and Kolls, 2002} 177> ‘and 1172”7 mice showed normal sensitivities to
and subjects with mutations in STATS, inwhom Thi7 cell differ-. - S. aureus, IL-17A and IL-17F complement each other in this
ertiation and function is impaired (Miiner ‘et al;, 2008). Because . setting. Furthermore, we showed that JL-17A and IL-17F are

(K¥ The expression of IL-174 and IL-17F in mouse colonic epithelial celt Ine (CMT83 or Colon 26} was examined with RT-PCA.
Data are represensative of two {A B, and K} o three [C-J} independent expeti Data rep! means = SEM in (E-{)
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