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Sequential production of interferonby NK1.1+ T cells and natural killer cells is

essential for the antimetastatic effectwefjalactosylceramide

Mark J. Smyth, Nadine Y. Crowe, Daniel G. Pellicci, Konstantinos Kyparissoudis, Janice M. Kelly, Kazuyoshi Takeda,

Hideo Yagita, and Dale |. Godfrey

The antimetastatic effect of the CD1d-
binding glycolipid, «-galactosylceramide
(a-GalCer), is mediated by NK1.1 *T (NKT)
cells; however, the mechanisms behind
this process are poorly defined. Although

it has been shown to involve NK cells and
interferon- y (IFN-y) production, the way
these factors collaborate to mediate effec-
tive tumor rejection and the importance

(IL-12), IFN-vy, and NK cells has been
shown in the antimetastatic activity of
«a-GalCer in the lungs and the liver. By
contrast, in lung and liver metastasis
models, cytotoxic molecules expressed
by NK cells and NKT cells (perforin, Fas
ligand, and tumor necrosis factor-related
apoptosis-inducing ligand) and an NKT
cell-secreted cytokine, IL-4, were not nec-

was unnecessary for «-GalCer-related
suppression of liver metastases. Most
importantly, after adoptive transfer of
a-GalCer—reactive NKT cells or NK cells into
NKT cell-deficient, IFN- y—deficient, or RAG-
1-deficient mice, it was demonstrated that
the sequential production of IFN- vy by NKT
cells and NK cells was absolutely required

to reconstitute the antimetastatic activity of

of other factors characteristic of NKT cell
and NK cell activation are unknown. Us-
ing gene-targeted mice and antibody treat-
ments, the critical need for interleukin 12

essary for the antitumor activity of ~ «-Gal-
Cer. Like IL-12, IL-18 was required for
optimal serum IFN- + induction and con-
trol of lung metastases by «-GalCer. IL-18

a-GalCer. (Blood. 2002;99:1259-1266)
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Introduction

NK1.1* T (NKT) cells constitute a distinct subpopulation ofsponges on the basis of their antitumor properties against B16
mature T cells that in the mouse are characterized by the expressimlanoma>26«-GalCer is presented by CD1d, leading to specific
of a single invariant T-cell recepter (TCRa) chain encoded by stimulation of NKT cells*19.11.27The antitumor effect of-GalCer
Vald-2281, in conjunction with 88.2, VB7, or V32 TCR{3 is observed against various tumor cells of different origins,
chains!-® Recent studies have revealed that NKT cells recognizecluding melanomas, lung, colon, and renal cell carcinomas,
glycolipid antigens presented by the major histocompatibilitgrythroleukemias, and other hematopoietic malignarf€igss?8-30
complex class Ib-like molecule, CDZd.Disruption of the invari  In vivo, the antitumor activities ak-GalCer and IL-12 are similar,
ant Va14-2x281 TCR results in a selective loss ak¥4 NKT cells, whereas in vitro it has been demonstrated that the production of
leaving other immune cells intagtin response to TCR ligation, IFN-y by NKT cells in response tax--GalCer requires IL-12
NKT cells promptly produce large amounts of proinflammatorproduced by dendritic cells (DCG8)and direct contact between
T-helper (Th)1 cytokines (eg, interferon [IFN]-tumor necrosis NKT cells and DCs through CD40—CD40 ligand interactions. Both
factor [TNF]) and anti-inflammatory Th2 cytokines (eg, interleukire-GalCer and low doses dE-12 are strong inducers of NKT cell
[IL]-4, IL-10, IL-13).4%-11 NKT cells have also been reported toactivity and will not exert their antitumor activities in the absence
exhibit direct cytotoxicity against tumor target celi;1*which  of NKT cells81517Despite these findings, little is known about the
has made it difficult to predict the consequences of their activatipmecise sequence of events and factors involved-i@alCer—
in vivo but nonetheless has caused much speculation that they pleguced tumor suppression.
a central role in immunoregulation. Accumulated experimental We know that recognition of the-GalCer—CD1d complex
evidence has supported their role in promoting innate antitumi@ads to NKT cell activatiof?11-27This results in rapid production
immunity®14-17while paradoxically suppressing acquired antitumogwithin hours) of Thl and Th2 cytokines by NKT cefrapid
immunity’® and autoimmunit? and maintaining some forms of elimination of NKT cells after they produce cytokin®&s prolif-
tolerance?®-22 These results have ensured continued debate agchtion and activation of NK cefid?3237and subsequent IFN-
confirmed the central role these cells play in the immune sy&téin. production3® and bystander activation of immune responses medi
The a-galactosylceramidentGalCer) is chemically and func- ated by conventional T cells and B celfs’339-43K cell activation
tionally analogous to natural glycolipids first purified from marinevas at least partly dependent on IRN2233:39Although o-GalCer

20z aunr g0 uo jsenb Aq jpd 6521 020¥08U/L L ¥089L/6SZ L/¥/66/4Pd-0[o11e/po0|qAeu sUCKED!IgNdYsE//:d)Y WOl papeojumoq

From Cancer Immunology, Trescowthick Laboratories, Peter MacCallum
Cancer Institute, East Melbourne, Victoria, Australia; the Department of
Pathology and Immunology, Monash Medical School, Prahran, Victoria,
Australia; and the Department of Immunology, Juntendo University School of
Medicine, Tokyo, Japan.

Submitted May 3, 2001; accepted October 3, 2001.

Supported by grants-in-aid from the National Health and Medical Research
Council of Australia (NHMRC), the Human Frontier Science Program, the
Ministry of Education, Science and Culture, Japan, and donations from
Rothschild Australia. M.J.S. is supported by an NHMRC Research Fellowship.

BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4

N.Y.C. is supported by an Australian Postgraduate Research Award. D.I.G. is
supported by an ADCORP Diabetes Australia Research Fellowship, and the
NHMRC.

Reprints:  Mark Smyth, Cancer Immunology, Peter MacCallum Cancer
Institute, Locked Bag 1, A'Beckett St, East Melbourne 8006, Victoria, Australia.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2002 by The American Society of Hematology

1259


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V99.4.1259&domain=pdf&date_stamp=2002-02-15

1260 SMYTHetal BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4

has been shown to induce perforin-dependent cytotoxicity by NKIINF-related apoptosis-inducing ligand [TRAIL]-insensitive, H-2b), 3LL
and NK cells, the significance of this pathway in vivo is less cleakewis lung carcinoma (perforin- and FasL-sensitive, TRAIL-insensitive,
Our previous studif and more recently that of Hayakawa et8al H-2b), RM-1 prostate carcinoma (perforin- and FasL-sensitive, TRAIL-
have demonstrated that the antimetastatic effect-GfalCer was NSensitive, H-2b), and DA3 mammary carcinoma (perforin-, TRAIL-, and
impaired in NK cell-depleted or IFN—deficient mice. Collec- FasL-sensitive, H-2d). The maintenance of all of these cell lines and their
. o . ensitivities to various cytotoxic molecules have been desctb@e!
tively, these results indicate an important role for NKT and NK
cells and the cytokine IFN- after «-GalCer administration. -

. . . ) CHtotoxmlty assay
Despite these clues, none of the previous studies have defined the
sequence of events afterGalCer treatment, nor was it known Cytolytic activity of MNCs from various mice was tested against tumor
whether IFN« production by NKT cells, NK cells, or both was keytarget cells by a Sta”dard_ 20-hour chromitiCr f‘?|ease assay as
to its antimetastatic activity. The only means to address theRgViously describe& Hepatic MNC effectors were isolated from the
outstanding questions was to use adoptive transfer techniquedga/Ce'- or vehicle-treated mice 3 hours or 24 hours after injection. In
examine the role of candidate effector molecules selective?g()me experiments, the assay was performed in the presence of neutralizing

. [l;t anti-mIFN-y mAb (R4-6A2) (10w.g/mL) or control ratimmunoglobulin
expressed by or absent from either NKT or NK effector ceg, (1I9G1) (10pg/mL). Recombinant mouse IFh4was provided by the

populations. Inso doing, this is the only study to formally shqw thafiological Resources Branch (National Cancer Institute, Frederick, MD).
IFN-vy production by NKT cells and subsequent IRNsroduction

by NK cells are critical forx-GalCer—mediated tumor protection. Tumor models in vivo

B16F10, 3LL, RM-1, and DA3 cell lines were inoculated intravenously or
intrasplenically, as indicated, at a dose previously shown in WT, gene-

Materials and methods targeted, or antibody-treated mice to result in similar numbers of lung or
) liver metastases, respectivéfyt’-51Effector function was examined in all
Mice these models, and transfer experiments were performed in the B16F10

Inbred C57BL/6 and BALB/c wild-type (WT) mice were purchased fron}umor model. For all experimental metastasis models, mice were injected
The Walter and Eliza Hall Institute of Medical Research (Melboum(jntravenously or intrasplenically with tumor cells and were killed 14 days

Australia) and Clear Japan (Tokyo, Japan). The following gene-targetéie”: the lungs or livers were removed, and surface metastases were
mice were bred at the Peter MacCallum Cancer Institute: C57BLfUNted with the aid of a dissecting microscépin all metastasis models,
perforin-deficient (B6 pfp/~) (from Dr Karupiah, John Curtin School of € data were recorded as the mean number of metastasg&EM.
Medical Research, Canberra, AustrafalC57BL/6 Fas ligand mutant (B6 Significance was determined by a Mann-Whititéyank sum test.

gld); C57BL/6 TNF-deficient (B6 TNF~) (kindly provided by Dr ) ) o

Sedgwick and originally from the Centenary Institute of Cancer MedicifdK cell depletion and cytokine neutralization

and Ci" Biology, Sydney, Australi) C57BL/6 IFN-y—deficient (B6 N cells were specifically depleted in B6 mice using 20fintraperitoneal
IFN-y~") (from Gc/enentech, San Francisco, CAJIC57BL/6 IL-12p40—  appit anti-asialoGM1 (anti-asGM1) antibody (Wako Chemicals, Rich-
deficient (B6 IL-12/7) (from Hoffmann-La Roche, Nutley, N9) C57BL/6 1,514 \ia) on days 0, 1, and 7 after tumor inoculation as descfib&ome
IL-18-deficient (B6 IL-18'7) (kindly provided by Dr Akira, Osaka grqns of B6 mice were treated with either rat anti-mouse4fNAb (500
University, Japarf§; C57BL/6 RAG-1-deficient (B6 RAG-1") (from Dr 1g), rat anti-mouse TRAIL (N2B2) mAb (500g), rat anti-mouse IL-4
Corcoran, The Walter and Eliza Hall Institute of Medical Researchy a}, [11B.11, kindly provided by the Biological Resources Branch
Melbourne, Australia); C57BL/6 TCRa281-deficient (B6 d2817")  penository (NCI)] (1 mg), or control rat IgG1 (1 mg) on days 0, 4, 7, and 10
(kindly provided by Dr Taniguchi, Chiba University Graduate School ofgier tymor inoculation. Protocols that have used similar concentrations of

Med?cine, Japarf)4 C57BL/6 CDld_-defic_ient _(B6 CD1d") (kind_ly_ these mAbs and conditions have been shown to effectively inhibit TRAIL,
provided by Dr Van Kaer, Vanderbilt University School of MEd'C'”e'IFN-y,orIL-4 activity in vivo 205153

Nashville, TN¥S; BALB/c IFN-y~/~ (from Genentech); BALB/c pfp~;

and BALB/c CD1d’/~ (kindly provided by Dr Van Kaer, Vanderbilt

University School of Medicine). All mice originally generated on a 12

background were backcrossed 9 to 20 times onto the C57BL/6 or BALBdsGalCer was kindly provided by the Pharmaceutical Research Laborato-

background. Mice of 6 to 12 weeks of age were used in all experimenies (Kirin Brewery, Gumna, Japan) and was prepared as deséfibed.

performed according to animal experimental ethics committee guidelinesx-GalCer was suspended in saline supplemented with 0.5% polysorbate-20
(wt/vol), and the control vehicle was saline supplemented with 0.5%

Isolation of liver lymphocyte subsets polysorbate-20 (wt/vol). Mice received |y a-GalCer intraperitoneally 3
hours after tumor inoculation and liver lymphocyte transfer and on days 4

Mononuclear cells (MNCs) were prepared from the liver and spleen gfq 8. This protocol had previously been shown to be therapeutic in the

previously describe#?5To avoid the nonspecific binding of antibodies tog16F10 and Renca tumor modéfsd Serum was collected from treated

FcyR, cells were preincubated with antimouse CD16/32 (2.4G2) monoclgiice as indicated and was measured by a mouseWpecific enzyme-

nal antibody (mAb) before staining. Flow cytometric sorting of cells wagnked immunosorbent assay according to the manufacturer’s protocol

performed after staining with fluorescein isothiocyanate—conjugated antharmingen).

afTCR (clone H57-597) and phycoerythrin-conjugated anti-NK1.1 (clone

PK-136). All flow cytometry reagents were purchased from PharMingen

(San Diego, CA), unless otherwise indicated. Liver NKT cells and liver or

spleen NK cells were isolated, gated, analyzed, and sorted as previot@?suns

described® After washing with phosphate-buffered saline twice, the . . .
labeled cells were sorted using a dual-laser FACStar Plus (BectBfT and NK cells mediate the antimetastatic effect of  a-GalCer

Dickinson, San Jose, CA). Sorting purity was always greater than 95%. a-GalCer is presented by CD1d and recognized by NKT ¢éfiéL.27
The antimetastatic effect of-GalCer is observed against a variety
of tumor cells, including B16F10 melanoma and 3LL lung
The following standard experimental mouse tumor cell lines were used@arcinoma®25 The potent antimetastatic effects @fGalCer are
vitro and in vivo. B16F10 melanoma (perforin-sensitive, FasL- andssociated with the proliferation and activation of NK cells in vivo.

9(:L-GaICer treatment protocols

Tumor cell lines
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An inoculum of 5X 1P B16F10 tumor cells metastasized equivaWT + «-GalCer group than in the B6 TNF + «-GalCer group;
lently in B6 WT mice and in various gene-targeted mice (Figure < .05). By contrast, IL-4, the major Th2 cytokine produced by
1A). Therapeutic administration afGalCer markedly reduced the NKT cells, was not required fat-GalCer—mediated antimetastatic
numbers of B16F10 lung metastases in B6 WT mice (from%0 function in either model (Figure 2A-B). BecauaseGalCer stimu-

to 5= 2) (Figure 1A). This antimetastatic activity was completelyates NKT cell and NK cell cytotoxicifi#-32 and each subset can
abolished ind281/~, CD1d’/~, and RAG-1'~ mice, all of which express perforin and Fask,we also examined the activity of
lack NKT cells, or by anti-asGM1 antibody in WT mice—qa-GalCer in perforin-deficient or FasL-mutant mice. Neither
specifically depleted of NK cells but not of NKT céfls- cytotoxic pathway was required for-GalCer—-mediated antimeta-
indicating thata-GalCer acted through NKT and NK cell effectorstatic function (Figure 2A-B). Not surprisingly, TRAIL, which has
function. A similar pattern of activity was observed in micéneen shown to be expressed on liver NK cells and to be
inoculated intrasplenically with 3LL tumor cells in which liver yp-regulated aften-GalCer stimulatiod® was not required for
metastasis was also controlled by NKT and NK cells (Figure 1B) -GalCer-mediated inhibition of TRAIL-resistant B16F10 or 3LL
liver metastasis (Figure 2A-B). We have previously demonstrated
that TRAIL-sensitive Renca tumor cells were controlledubégal-
Using gene-targeted mice and neutralizing mAbs, we next exa@er in an IFNy— and a TRAIL-dependent (partially) maniéifo
ined the relative role of a number of NKT and NK cell molecules ifurther explore the importance of IFj-in the antimetastatic
the antimetastatic activity stimulated byGalCer. Thl cytokine activity of a-GalCer, we examined 2 other tumor models, RM-1
IFN-y was critical toa-GalCer—mediated control of B16F10 lung(FasL sensitive) (Figure 2C) and DA3 (FasL sensitive) tumors
and 3LL liver metastases (Figure 2A-B). In B6 IFNZ~ mice and  (Figure 2D). These data are the first to demonstratecti@alCer

in B6 WT mice treated with antimouse IFiNmAb, a-GalCer was has antimetastatic activity in the RM-1 and DA3 tumor models, and
without effect. TNF, another major Thl cytokine reported to bghese models further confirmed a critical role for IRNbsut not for

produced by NKT cell§} appeared to play a minor role in theperforin or FasL, in the antimetastatic activity@{GalCer.

antitumor activity ofa-GalCer (fewer B16F10 metastases in B6
Relative role of IL-12 and IL-18 in the antimetastatic

Key role of IFN- «y in the antimetastatic effect of «-GalCer

A effect of a-GalCer
pe cp1a 727772727 It has been shown that NKT cell expression of IFNand 1L-12
receptor in response to-GalCer required direct contact with DC
o6 nac.1 7 and IL-12 production by DC% Furthermore, it was recently
demonstrated that neutralization of IL-12 activity abrogated the
7 therapeutic value af-GalCer treatment in a mouse liver metastasis

B6 Ju281

86 + o-esam (L2

model®® We therefore examined the antimetastatic activity of
a-GalCer in IL-12/~ mice using B16F10 lung and 3LL liver
metastasis models (Figure 2A-B)-GalCer only demonstrated a
minor antimetastatic effect in the lungs and livers of IL=t2mice,
indicating that endogenous IL-12 was important for optimal
activity in both organs. In addition, IL-18 alone or in combination
with IL-12 has been shown to sustain NKT cell IRNproduction
independently of TCR stimulatio,whereas IL-18 in combination
B with a-GalCer preferentially stimulated NKT cell IL-4 produc-

0 50 100 150
Number of B16F10 lung metastases

: tion 58 Interestingly, the antimetastatic activity efGalCer was
o6 oo (2222 ::: retained in the liver (Figure 2B), but was impaired in the lungs
s (Figure 2A), of IL-18/~ mice (fewer B16F10 lung metastases in
o6 rn-1+ 2 ::: the B6 WT+ a-GalCer group than in the B6 IL-18 + a-GalCer
1 © group; P < .05). Overall, the data indicate that in both these
BE Ja281+ 22 pie organs, IL-12 is more critical than IL-18 in the antimetastatic
activity of a-GalCer. This requirement for IL-12 was also noted in
86 + w-asam G~ s " the periphery, where-GalCer—mediated induction of serum IFN-
® was completely abolished in IL-12- mice (Figure 3. As shown
—— (10) here (Figure 3), NKT cells were required for early serum HrN-
(19) induction, whereas NK cells contributed to later sustained serum
o 100 200 300 IFN-v levels ina-GalCer—treated mice. Interestingly, serum IFN-
Number of 3LL liver metastases induction was also markedly reduced in IL=18 mice (Figure 3),
Figure 1. Key role of NKT cells and NK cells in the antimetastatic effect of Suggesting that though IL-18 was not required for the antimeta-

«a-GalCer. Groups of B6 WT, B6 RAG-1/~, B6 CD1d /-, B6 Ja281~/~ mice, or B6 . B . . . - .
mice treated with rabbit anti-asGM1 antibody on days —1, 0 (the day of tumor static effect ofa-GalCer in the liver, it was critical for Optlmal

inoculation), and 7 were inoculated (A) intravenously with 5 x 105 B16F10 umor  |IFN-y secretion in the serum in responsext@alCer.
cells or (B) intrasplenically with 5 X 105 3LL tumor cells. Some groups of mice were

treated intraperitoneally with 2 ug a-GalCer (7) or vehicle control (M) on days 0, 4,  Critical contribution of perforinto  a-GalCer-induced
and 8 after tumor inoculation, as indicated. In all experiments, 14 days after tumor  cytotoxicity by NK cells

inoculation the lungs (B16F10) or livers (3LL) of these mice were harvested, and

tumor colonies were counted and recorded as the mean number of colonies = SE. It has been shown that-GalCer administration promotes NK cell

The number of mice in each group is indicated in parentheses, and asterisks indicate L "
the groups in which a-GalCer treatment significantly reduced that group’s number of cytotoxicity in an IFN“/ and an NKT Ce”'dependem manré?

lung or liver metastases (Mann-Whitney U: *P < .05; **P < .001). To examine whether IFN; perforin, or FasL were responsible for
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Figure 2. Key role of IL-12 and IFN- + in the antimeta-

B6 IL-187
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B6 IFN-y" §

B6 + anti-IFN-y [~
B6 IFN-7" §

B6 + anti-TRAIL K
B6 TNF+ ’

100

Number of 3LL liver metastases

static effect of «-GalCer. Groups of B6 WT, B6 gld, B6
pfp~~, B6 TNF~/~, B6 IL-127/-, B6 IL-187/-, and B6
IFN-y~/~ mice or B6 WT mice treated with antimouse
IFN-vy, antimouse TRAIL, antimouse IL-4, or control IgG;
mADb on days —1, 0 (the day of tumor inoculation), 4, 7,
and 10 were inoculated (A) intravenously with 5 x 105
B16F10 tumor cells, (B) intrasplenically with 5 X 10% 3LL
tumor cells, or (C) intravenously with 1 X 105 of RM-1
tumor cells. Groups of BALB/c WT, BALB/c pfp~/~,
BALB/c.CD1d~/~, BALB/c IFN-y~/~ mice or BALB/c WT
mice treated with rabbit anti-asGM1 antibody on days
—1, 0 (the day of tumor inoculation), and 7 were inocu-
lated (D) intravenously with 1 X 10 DA3 tumor cells.
Some groups of mice were treated intraperitoneally with
2 ng a-GalCer (@) or vehicle control (M) on days 0, 4, and
8 after tumor inoculation, as indicated. In all experiments,

150 200 250 300

B6 pip* o 26 pip-
B6 gld | 86 gld
[} 50 100 150 0 50
Number of Bt6F10 lung metastases
B6 IFN-y" ::: BALB/c IFN~y"
B6 gid (5) .
(5) BALB/c pfp*
B6 pfp* 5 L
5) BALB/c CD1d*
BS CD1d* ®
(] b
®) BALB/c + ¢-asGM1
B6 + 0-asGM1
©)
b %
BEWT 5) BALB/c WT
5)

) 14 days after tumor inoculation the lungs (B16F10, RM-1,
() DAB3) or livers (3LL) of these mice were harvested, and
tumor colonies were counted and recorded as the mean
number of colonies = SE. The number of mice in each
group is indicated in parentheses, and asterisks indicate
) the groups in which «-GalCer treatment significantly
® 1 reduced that group’s number of lung or liver metastases
) (Mann-Whitney U: *P < .05; **P < .001).

L}

(8}
&)

5}
&)

0 20 40 60 80 100 120

Number of RM-1 lung metastases

120

Number of DA-3 lung metastases

direct cytolytic activity of NK cells against the tumor cells used if{perforin- and FasL-sensitive) tumor targets. These data confirmed
our study, we evaluated the cytotoxicity of hepatic MNCs isolatethat NK cell expression of perforin was essential for optimal
from pfp-deficient, FasL mutant, or WT mice (untreated o&-GalCer—induced cytotoxicity in vitro and that FasL and IFN-
anti-asGM1-treated to deplete NK cells) against B16F10 (Figuiere not important in vitro for the direct cytotoxic effects of liver
4), 3LL, or RM-1 (data not shown) tumor target cells in a 20-hourINCs on the tumor target cells. Additional experiments in which
cytotoxicity assay. Three hours afteiGalCer administration there B16F10, 3LL, RM-1, and DA3 tumor cells were exposed to

was no significant induction of WT liver MNC cytotoxicity (Figure increasing concentrations of mIFN{up to 1000 U/mL for 24
4A). However, 24 hours aftex-GalCer administration, the cyto-

toxic activity of WT MNCs was substantially induced against

B16F10 (Figure 4B), 3LL, and RM-1 (data not shown) target cells. SOTWT-3n Al Wt-24n B
MNCs from FasL mutant mice (Figure 4C) or those from WT mice 40
incubated with neutralizing anti-mIFN-mAbs (Figure 4D) were
as cytotoxic as WT MNCs (Figure 4B). By contrast, thé&alCer— ® 20
induced cytotoxic activity was completely abolished in MNCs g ‘-\n-._,,___\ D\u.\ﬂ
from the perforin-deficient mice (Figure 4E) and the NK cell- 2L 6%
depleted mice (Figure 4F). Similar data for each experimental e fo-IFN-y C| lal D
group were obtained for 3LL (perforin-sensitive) and RM-1 6 40
o
20 E.g 20
8 0 m\"\« -\n\“
- @ 60
E 15 - Pfp” E| |WT/o-asGM1 F
2 S 40
E 10 20
E k\ %ﬁ
2
) 0
o ] 50 25 125 50 25 125
; Effector-target ratio
0 Figure 4. Critical contribution of perforin to «a-GalCer—induced cytotoxicity by
0 4 8 12 16 20 24 28

NK cells. Hepatic MNCs were obtained from B6 WT mice 3 hours (A) or 24 hours (B)

Hours after o-GalCer administration after intraperitoneal injection of a-GalCer (M, 2 p.g/200 L) or vehicle ((J, 200 pL), as

Figure 3. Key role of IL-12 and IL-18 in serum IFN- v induction by «-GalCer.
Serum was collected from B6 WT ((J) or anti-asGM1-treated B6 WT mice (@), B6
Ja2817/~ mice (A), B6 IL-12~/~ mice (O), or B6 IL-18~/~ mice (A) after a-GalCer (2
g intraperitoneally) administration at the times indicated. Serum IFN-y levels were
measured by a specific enzyme-linked immunosorbent assay, and data represent the
mean = SE (ng/mL) of duplicate samples from 2 different mice. Serum of all
untreated mice contained less than 100 pg/mL IFN-y.

indicated. Liver MNCs were also harvested after 24 hours from B6 gld mice (D), B6
pfp~/~ mice, (E) or B6 WT mice that were depleted of NK cells with anti-asGM1
antibody (F). Cytotoxicity against B16F10 melanoma targets was tested in a 20-hour
51Cr release assay at the indicated effector—target ratios. Some MNCs from B6 WT
mice were also incubated in the presence of 10 pg/mL neutralizing anti-mIFN—y mAb
(C) as described.®° Data are represented as the mean * SE of triplicate samples and
are representative of 2 experiments.
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hours) did not yield any detectable cytotoxicity and their prolifera- A

tion was unaffected (data not shown). T’alif‘e:T ;
NKT cells producing IFN- v can transfer the antimetastatic BRI et |
effect of «-GalCer NK1AT

. . X B6 TNF" -
The data in Figure 2 demonstrated the key role that {FMays in NK1.1-T
a-GalCer—mediated antimetastatic activity; however, it was un- NK1.1T €
clear which cells produced the key IFN-To be able to dissect the B8N .+ B

specific contribution of NKT cell molecules in the antimetastatic
function of a-GalCer, it was necessary to adoptively transfer sswr
protective NKT cells into mice that could not otherwise respond to
a-GalCer treatment. Therefore, MNCs from B6 WT mice were
isolated and sorted into NKITITCRaB* and NK1.T TCRaB™*
cells. The liver was selected as a source of donor-derived cellg
because of the high proportion of NKT cells in this organ. Each ofcefl number
these populations (2.8 10° cells) was then adoptively transferred
into Jx281~/~ mice that had been inoculated with B16F10 mela
noma. Starting 3 hours later, mice were treated with vehicle or
a-GalCer as above. As observed in Figure 54281/~ mice that 1.0 x 108
receivedo-GalCer and B6 WT NK1.1 T cells, but not NK1.I1 T
cells, exhibited complete protection from B16F10 tumor. Transfer
of NK1.1* T cells alone (vehicle treated) was insufficient to confer
protection, indicating that the protection transferred was not simply
an artifact of any potential nonspecific activation of NK1Tlcells -
in their isolation or transfer. At least X 10> NK1.1" T cells
transferred significant protection from B16F10 inGalCer—
treated &281~/~ mice (Figure 5B).

We next isolated NKT cells from several gene-targeted strainC
in which a-GalCer failed to have optimal antimetastatic activity. Reciplent  Donor Cell
Each of the strains used displayed similar proportions and numbers B6 IFN-y* NKT/NK
of NKT cells to B6 WT mice (data not shown). Notably, NK1.T

25x% 10° 10
&)
5.0x 104

®)

)

150
Number of B16F10 lung metastases

cells from B6 IFN+~/~ mice did not demonstrate amyGalCer— BNt N
mediated antitumor activity when transferred inte€281-/~ mice B6 IFN-r" NKT
(Figure 5A). These data are the first to define the critical impor- B6 CD1d* NKT
tance of NKT cell-derived IFNy in the antimetastatic function

B6 RAG-17/a-asGM1 NKT

of a-GalCer. Significantly, the inhibition of-GalCer activity
with antimouse IFNy mAb (Figure 2) suggested that NKT cells B6 RAG-1* NKT
from IFN-y~~ mice were not simply inactive. By contrast, liver
NK1.1* T cells from B6 pfp/~ or B6 TNF/~ mice were as
effective as NKT cells transferred from B6 WT mice (Figure 5A).
Thus, despite the ability oix-GalCer to activate NKT cell
perfori metkated st and i detectable invalvement of TNF NPOUS . St Py s e ot s e e,
a-GalCer antitumor function (Figure 2A-B), NKT cell expressio ;

. : ) " nntravenously with 5 X 10° B16F10 tumor cells. Three hours later, these mice
of these molecules did not contribute to the antimetastatic functi@eived intravenous adoptive transfer of 2.5 x 105 sorted liver NK1.1* T cells or

B6 Ja281* NKT

0 50 100 150

Number of B16F10 lung metastases

of a-GalCer. NK1.1- T cells from B6 WT, B6 pfp~/~, B6 TNF~/~, or B6 IFN-y~/~ mice. Some
groups of mice were treated intraperitoneally with 2 pg a-GalCer (Z) or vehicle
NK cell-derived IFN- v is also required for the antimetastatic control (M) on days 0 (3 hours after tumor inoculation), 4, and 8 after tumor

inoculation, as indicated. (B) Groups of B6 Ja281~/~ mice were inoculated
intravenously with 5 X 10° B16F10 tumor cells. Three hours later, these mice

e received intravenous adoptive transfer of sorted liver NK1.1* T cells (between 0
Because B6 WT, but not B6 IFN' NKT, cells could transfer and 2.5 X 10° cells) from B6 WT mice, as indicated. All groups of mice were

protection against B16F10 lung metastasis in NKT cell-deficientated intraperitoneally with 2 ug a-GalCer on days 0 (3 hours after tumor
Ju281'~ mice. we next addressed whether Il-'yl\production by inoculation), 4, and 8 after tumor inoculation. (C) Groups of B6 Ja281~/~, B6
’ .. K . . IEN-y~/~, B6 CD1d~/~, B6 RAG-1~/~ mice, or B6 RAG-1~/~ mice treated with

NKT cells was sufficient to mediate the antimetastatic effect gfni-asGMl antibody (as above) were inoculated intravenously with 5 X 10%
a-GalCer. The transfer of B6 WT NKT cells into CD1d mice did  B16F10 tumor cells. Three hours later, these mice received intravenous adoptive
not enable tumor protection (Figure 5C), indicating that recipieﬂf"”Sfer of 2.5 X 10° sorted NK1.1* T cells from B6 WT mice, 4.0 X ;05 purlf.|ed
. . . NK1.1* TCRap~ NK cells, or both. Some groups of mice were treated intraperito-
antlgen'presentmg cells expressing CD1d (and not B16F10 r%%lly with 2 ng a-GalCer or vehicle control on days 0 (3 hours after tumor
NKT cells themselves) were required far-GalCer loading. inoculation), 4, and 8 after tumor inoculation, as indicated. ND, not determined. In
Similar transfer of WT NKT cells into RAG-1— mice deficientin all experiments, 14 days after tumor inoculation the lungs of these mice were
rvested, and B16F10 tumor colonies counted and recorded as the mean

NKT cells, T Ce_”% andB ceII.s, but not N_K cells, Sl_'lggeSted that Nﬁmber of colonies = SE. The number of mice in each group is indicated in
cells were sufficient to mediate the antimetastatic effeet-@fal- parentheses, and asterisks indicate the groups in which a-GalCer treatment
Cer (Figure 5C). A corroborating fact is that the depletion dfignificantly reduced the number of lung metastases compared with untreated or

NK cells with anti-asGM1 antibody from the RAG-t mice VeMcle control (Mann-Whitney Us*P < .05 ** < .001).

effect of a-GalCer initiated by NKT cells
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completely abrogated the protective effect of the B6 WT NKT cetionfirmed with the depletion of NK cells from RAG-T recipi
transfer into these mice, essentially confirming the role of NK celnts of NKT cells and the restoration @fGalCer antimetastatic
(Figure 5C). Given that adoptive transfer of NKT cells intaactivity in B6 IFN-y~/~ mice that received purified NKT cells and
RAG-1-/~ mice mediated tumor suppression in response@al  NK cells.
Cer, donor NKT cells and recipient NK cells were the only known It remains unclear how NK cell IFN- contributes to the
producers of IFNy that could contribute to the antitumor effect ofantimetastatic activity of--GalCer and, in particular, which cell
a-GalCer in these mice. When B6 WT NKT cells were alstypes are the targets of IFfproduced by NK cells. All in vitro
transferred into B6 IFNy~/~ recipients, these mice were notefforts to demonstrate a direct cytotoxic effect of IRNan the
protected from B16F10 tumor metastasis @iGalCer treatment tumor cell lines used have indicated that IRNs not directly
(Figure 5C). These results suggested that NK cell production eftotoxic and that these cells continue to proliferate when cultured
IFN-v, downstream of NKT cell activation and IFj-secretion, in high doses of IFNy. In particular, NK cell IFNy may be key to
was also essential for the antimetastatic functio-@alCer. To the local proliferative capacity of NK cells or their further
definitively prove that NKT and NK cells producing IFiNwere recruitment of NK cells and other leukocytes to the tumor site. It is
required for the antimetastatic activity afGalCer, we cotrans- possible that other as yet unappreciated effector cells may act
ferred purified NKT cells and NK cells inta-GalCer-treated B6 downstream of NK cells, though no evidence of the involvement of
IFN-y~/~ mice. Despite the competing endogenous NK cells in thsther nonlymphoid cell types has ever been presented for these
B6 IFN-y~/~ mice, the additional transfer of B6 WT NK cells experimental tumors. Significantly, IFi-has potent antiangio-
(4 X 10°F) was sufficient to partially restore the antimetastatigenic activity?®-6% and IFN~y—inducible factors produced by vari
activity of a-GalCer (Figure 5C). The transfer of purified NK cellsous cells, such as IFN-inducible protein 10 (IP-10) and monokine
alone was without effect. A similar cotransfer of a lower dose ghduced by IFNy,52 may indirectly inhibit tumor neovasculariza
NK cells (2 10°) with NKT cells (2.5x 10°) into B6 IFN-y~'~  tion and induce tumor hypoxia.
mice treated withx-GalCer had a minor, but significant, effect on  NK cells activated by NKT cells might sometimes make use of
B16F10 metastasis (data not shown). We were unable to restore §lier effector mechanisms that are IFNlependent. Recently, we
protection, which was possibly limited by the high ratio of residemriave shown that NK cells express functional TRAIL afteGal-
IFN-y~/~ NK cells to transferred WT NK cells. It was technically Cer administratiod? and TRAIL expression was IFN-dependent.
beyond our methods, however, to purify higher numbers of fregfhother study indicated that human NKT cells, cultured with
NK cells. Collectively, these data represent the first completely.GalCer—pulsed DCs, could themselves express TRAHow-
definitive demonstration that early IFproduction by NKT cells  ever, B16F10 and 3LL are not TRAIL-sensitive tumors (data not
and later IFNy secretion by NK cells are necessary and sufficierfhown), andv-GalCer demonstrated complete antimetastatic func-
for the antimetastatic activity af-GalCer. tion in anti-TRAIL mAb-treated mice. Although mouse NKT cells
can express perforth?®and can mediate perforin-dependent tumor
cell lysis in vitro}* it is unknown whether NKT cells use
Discussion perforin-mediated cytotoxicity in vivo. Others have already demon-
strated that NKT cells may exhibit FasL-mediated cytotox#ity
Previous studies have demonstrated in mice that the marine spoAgé that FasL may be a mechanism by which NKT cells undergo
glycolipid, a-GalCer, can activate NKT cells, rapidly trigger theiractivation-induced cell death after exposure tox-GalCer.
cytokine secretion including IFN-and IL-4, and subsequently However, Fas—FasL interactions also appeared to be dispensable
stimulate downstream NK cells, T cells, and B céhg4363843 for a-GalCer—induced tumor suppression. Regardless, NK cell
From these studies, it was clear that NKT cells, NK cells, andfN-vy clearly has a profound impact on the growth of metasta-
IFN-y were primary toa-GalCer—mediated tumor protection. Itses after-GalCer administration, and the end effector mecha-
must be stressed, however, that the way these factors interactedigg's resulting in the suppression of metastasis undoubtedly
key source of the IFN, the effector function of NK cells, and the warrant greater study.
role of IL-4 and other cytolytic molecules characteristic of NKT ~The antimetastatic activity ai-GalCer is an example of NKT
and NK cell activation remained undefined. Indeed, in the abserglls providing immune-activating function; thus, perhaps it is not
of conditional gene targeting, adoptive transfer experiments are $igprising that IFNy is a critical factor in its activity. However, the
only definitive way of ascribing a particular effector function to amportance of various effector molecules in the biologic effects
given subset of cells. Herein, we have used adoptive transi&used byx-GalCer administration may depend considerably on
techniques and various gene-targeted mice and neutralizing mAhe downstream function examined. For example, in contrast to our
to formally define the importance of key factors associated withimor metastasis models;GalCer-mediated abortion through the
NKT-NK cell activation ina-GalCer—mediated tumor suppressiondegeneration of embryonic trophoblasts was not observed in
For the first time we have demonstrated that NKT cell-derived281~/~, IFN-y~'~, TNF~~, or perforin’~ mice>* It should be
IFN-y and NK cell-derived IFNy are both essential for the noted that decidual NKT cells specifically expreggAtather than
antimetastatic activity ak-GalCer. Surprisingly, despite the ability V8.2 and produce IFN-and TNF, but not IL-2 and IL-4, on
of transferred NKT cells to confer protection in T- and B-cell-«-GalCer stimulatior¥* By contrast,a-GalCer induces spleen or
deficient or NKT-cell-deficient mice treated witirGalCer, the liver NKT cell IL-4 secretion. NKT cells participate in several
expression of IFNy in recipient mice was critical. The potentmodels of immune suppressiéh??and a few recent studits>1.64
production of IFNy by NKT cells alone was not sustained, nothave begun to define the possible mechanisms by which NKT cells
sufficient, for tumor suppression. These data suggested that, despigy exert immune suppression. Interestingly, in the model of
the ability ofa-GalCer to trigger NKT cells to release multiple Thlallograft tolerance, NKT cell transfer experiments also indicated
and Th2 cytokines and to acquire cytotoxic potential, it is ththat NKT cell IFN+<y production was critical for long-term trans-
ability of NKT cell IFN-y to trigger NK cell IFN<y production that plant survival, whereas IL-4 was not essentiaie have found
providesa-GalCer its antimetastatic function. This hypothesis wathat IL-4 was not required fox-GalCer—-mediated antimetastatic
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function. It remains to be tested whether other Th2 cytokinéghe fact that these cells did not offerGalCer—mediated protec-
produced by NKT cells, such as IL-6, IL-10, IL-13, and T@F- tion may simply reflect the fact that CD1d-restricted cells are only a
may influence the antitumor activity af-GalCer. One report minor subset of this population. The future use of the adoptive
has described the increased activity of antitumor CTL afteransfer system described in this study will allow us to evaluate the
a-GalCer administratiod? but it remains to be determined antitumor potential of these cells. In particular, CD40L and CD28
whether these activities depend strictly on NKT cell IgNor  expressed on the surface of NKT cells appear important in the
other effector mechanisms. antitumor function of NKT cell$8 and other molecules such as
The outcome between the NKT cell and the DC appears BiK1.1 and CD4 will be of future interest.
central importance in the downstream antitumor activities of The clear potency of small numbers of adoptively transferred
a-GalCer. It has been demonstrated with mAbs that direct contdigier NK1.1* T cells after a-GalCer administration in these
of the NKT cell with DC and that IL-12 production by DC experimental models is a promising indication of the therapeutic
contributed to NKT cell IL-12R expression and production opotential of these effector cells against NK cell-sensitive tumors.
IFN-y.3! Our data using IL-12~ and IL-187~ mice has shown The combined antitumor effects of small numbers of transferred
that IL-12 p40 is required for the optimal antitumor activity ofNKT cells and NK cells were particularly encouraging. It will be
a-GalCer, whereas IL-18 is important for optimal protection fronmteresting to determine whether NKT cells isolated from other
lung, but not liver, metastasis. Our data usingalCer treatment organs (thymus, spleen, bone marrow) are comparable in their
were reminiscent of a model in which IL-18 was necessary for the GalCer—-mediated antitumor capacity on adoptive transfer. Trans-
induction of serum, but not liver, IFN- levels after mouse fer of CFSE-labeled liver MNCs revealed that NKT cells and NK
cytomegalovirus infectiof? Although it is possible to determine cells migrated to the liver of recipient WT mice and persisted for at
whether ablation of both host IL-12 and IL-18 production comteast 7 days (data not shown). Additional studies are required to
pletely inhibits the antitumor activity af-GalCer, this experiment assess the migration of NKT cells to other lymphoid sites. Despite
is less informative given that the doubly deficient IL-12 the reported death of most NKZ.T cells after activatiod3-36 it
IL-18~/~ mice have severely impaired NK cell functiéh. may be possible to follow the fate of transferred NKT cells and
An important question that remains is whether other CD1@ther host bystander leukocytes in models in which we have
restricted effector cells can mediate the activity @iGalCer. previously shown that NKT cells contribute to the natural immuno-
Recently, CD1d-restrictedi-GalCer-reactive NK1:1T cells have = surveillance of methylcholanthrene-induced sarcéfma.
been describé8%6.57that exhibit characteristics similar to those of
NK1.1* T cells. Indeed, their ability to rapidly produce immuno
regulatory cytokines and their dependence on T@R813566
suggest that they are closely related to NKT cells, though th%{cknowledgments
differ in their ability to auto-presenk-GalCer by their own cell
surface CD1d and by reduced production of Ifdempared to the We thank Shayna Street and Christine Hall for genotyping the
NK1.1* fraction8” Our study has not evaluated the activity of thigene-targeted mice, Nicole Haynes for technical assistance, and
population, though it was probably present within the NK1.1Elise Randle-Barrett for flow cytometric sorting. We also thank Dr
T-cell fraction used as a control population in these experimentsoezuka of Kirin Brewery for kindly providingi-GalCer.
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