
The irregular patch distribution also pro- 
duces another phenomenon noted in real 
populations (7). The endogenous regular 
oscillations in our model, together with the 
exponentially decaying dispersal between 
patches, generally maintains rather regular 
cycles. This explains why a wide range of 
cross-correlation values is observed for pairs 
of populations. The cycles thus produced 
are not necessarily persistent. Pronounced 
and regular population cycles ma!; gradually 
fade away and subsequently recover (Fig. 
1G). Hence, both the amplitude of popula- 
tion fluctuations and the spatial synchrony 
between pairs of populations changes con- 
siderably over tiine, without any other 
source of randomness than the spatial loca- 
tion of the interconnected subpopulations. 
The dispersal is probabilistic because of the 
assumption of an exponential distribution 
of dispersal distances, but a regular grid of 
patches with exactly the same kind of dis- 
persal did not generate the pattern we ob- 
served in this model or in the data. 

Thus, a7e conclude that the spatial struc- 
ture may be of great importance for the 
dynamics of populations. Most previous stud- 
ies have concentrated on .either the internal 
dynamics within patches or the rules for 
dispersal between them (4, 5)  in order to 
explain large-scale spatial dynamics. Here, 
we used a simple, albeit realistic model for 
~vllich the assumptions are well substantiat- 
ed. Delayed density-dependence seems to be 
the rule rather than exception for a wide 
range of taxa (8, 1 1 ), the exponential distri- 
bution of dispersal distances is well estab- 
lished (12) ,  and the irregular distribution of 
patches is true for all natural environments. 
These are the simple building blocks on 
which important analyses of spatial popula- 
tion dynamics can rest. 
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Requirement for VJ4 NKT Cells in 
IL-12-Mediated Rejection of Tumors 

Junqing Cui," Tahiro Shin," Tetsu Kawano, Hiroshi Sato, 
Eisuke Kondo, lsao Toura, Yoshikatsu Kaneko, 

Haruhiko Koseki, Masamoto Kanno, Masaru Taniguchi? 

A lymphocyte subpopulation, the VJ 4 natural killer T (NKT) cells, expresses both NKl . I  
and a single invariant T cell receptor encoded by theVJ 4 and J-281 gene segments. Mice 
with a deletion of the Jm281 gene segment were found to exclusively lack this sub- 
population. The VJ4 NKT cell-deficient mice could no longer mediate the interleukin-12 
(IL-12)-induced rejection of tumors. Although the antitumor effect of IL-12 was thought 
to be mediated through natural killer cells and T cells, V-14 NKT cells were found to be 
an essential target of IL-12, and they mediated their cytotoxicity by an NK-like effector 
mechanism after activation with IL-12. 

V,14 NKT cells, originally defined as 
NKl . l f  T cells ( I ) ,  are a distinct lym- 
phoid lineage expressing several charac- 
teristics that demarcate them from T cells, 
natural killer (NK) cells, and B cells. First, 
V,14 NKT cells develop outside of the 
thymus at an early stage of embryogenesis 
( 2 )  and belong to the CD4-CD8 or 
CD4-CD8 populations that express heat- 
stable antigen and the B220t, hlac-l+, 
CD44+, CD45RBd'", and h;lel-14d'" phe- 
notypes (3-5). Second, \i14 NKT cells 
express a single invariant T cell receptor a 
chain (TCRa)  encoded by the V,14 and 
J,281 segments (4, 6, 7), mostly in asso- 
ciation with Vp8 (3 ,  5),  which is not 
expressed on conventional T cells (8). 
Because of the unique expression of in- 

variant \i14 TCR, transgenic (tg) mice 
that only express the invariant VL14 TCR 
and no endogenous TCRa (TCRa-I- 
\;14'g) preferentially develop V,14 NKT 
cells and block conventional a@+ T cell 
development (8). Therefore, a7e speculat- 
ed that disruption of the genes encoding 
the invariant VL14 TCR would generate 
mice lacking V,14 NKT cells while leaving 
the other lymphoid lineages intact. 

IL-12 is knoa7n to mediate antitumor 
effects and was originally hypothesized to 
interact with NK cells or CD8- cytotoxic 
T lymphocytes (CTLs) (9) .  However, re- 
cent studies indicate that the systemic 
administration of IL-12 activates NK1.1- 
~ ~ ~ ~ l l t e r r n e d l a t e  cells (which are similar to 

\;I4 NKT cells) and inhibits the hepatic 
metastasis of tumor ( 1  0).  It is thus unclear 
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Fig. 1. Generation and analysis of J,281-'- (VJ4 NKT-defi- 
cient) mice. (A) Targeting construct. Targeting vector pJ1 (top) 
was designed to replace the Cla I fragment (1.0 kb) containing 
the J-281 gene segment (middle) with a diphtheria toxin A (DTA) 
cassette and a neomycin resistant gene cassette (designated 
Neo) derived from pPGK-neor-poly A (PGK, 3-phosphoglycerate 
kinase). Sal I-Cla 1 (1.2 kb) and Cla 1 (1 2 kb) genomic fragments 
of 129Sv/J origin were used for the short and long arms, respec- 
tively. The targeting vector was introduced into R1 embryonic 
stem cells of 129 mice by electroporation. Gerrnline chimeric 
mice were generated by aggregation methods (1 1). Mutant mice 
were backcrossed three generations with C57BL/6 mice. Mu- 
tant alleles (bottom) were detected by Southern (DNA) blot anal- 
ysis with probes Aand B. X, Xho I; S, Sal I; C, Cla I; H, Hind Ill; N, 
Not I. (B) Southem blot analysis. Wild-type and mutant alleles 
were detected by Hind Ill digestion as 7.2-kb and 3.6-kb bands, 
respectively. (C) Ribonuclease protection assay with the 
J-281 Cu probe (12), which detects the J,281Ca (227 bp) and 
Ca (21 1 bp) bands. (D) Fluorescence-activated cell sorter 
(FACS) profiles. The percent of the gated populations analyzed 
by FACS (23) is indicated. Total numbers of hematopoietic cells 
in J,281-I- mice were as follows: 2.2 x lo6 NK1.1+, 3.0 x 10' 
up+ T, 1 X 10" yB+ T, 3.0 X l o7  IgM+ B, 6.5 X lo6 Mac-1 +, 
and 1.5 x 1 O6 Gr-1 + cells. 

-- 

Probe A Prcbe B 

5 10 15 20 0 50D a 0  100 
oly #LS 

Fig. 2. Inhibition of tumor growth or metastasis in IL-12-treated mice. Protocols are in (24). (A) Number 
of metastatic nodules of FBL-3 in the liver. (B) Amounts of GM3 melanoma antigens (Ag) in the 
metastatic liver and their representative photographic views of 81 6 melanoma. Methods for measure- 
ment of melanoma antigens are in (22). Each group had five to seven mice; cpm, counts per minute. (C) 
Subcutaneous growth of B16. Symbols for mice treated with PBS (open) or IL-12 (closed) are indicated. 
(D) Number of metastatic nodules of B16 in the lung. (E) Number of metastatic nodules of LLC in the lung 
and their representative photographic views. Each group had three mice. 

the antitumor effects o f  IL-12 to  deter- 
mine if the functional target o f  the cyto- 
kine in vivo is NK cells, CD8+ CTLs, or 
Va14 NKT cells. 

T o  address this question, we generated 
mice that lacked invariant Va14 1,281 TCR 
expression by specific deletion of the 1,281 
gene segment using homologous recombina- 
t ion and aggregation chimera techniques 
(1 1) (Fig. 1, A and B). The loss o f  1,281 
gene expression in 1,281-I- mice was con- 
firmed by ribonuclease (RNase) protection 
assay (12) (Fig. 1C). Thus, the invariant 
Va14 1,281 TCR is not  expressed in 1,281-I- 
mice. The development o f  the lymphoid or- 
gans in 1,281-/- mice was macroscopically 
normal, and the numbers of lymphocytes 
were almost the same as in wild-type mice. 
However, the relative numbers of NK1.1+ 
TCRP+ cells in the thymus, spleen, bone 
marrow, and liver were reduced in 1,281-I- 
mice (Fig. ID). On the other hand, the total 
number of other hematopoietic cells were 
not affected (see legend to Fig. 1). Thus, the 
defects in hematopoietic cell development 
were subtle, and Va14 NKT cells were exclu- 
sively affected. This confirms the require- 
ment of invariant Va14 TCR for the devel- 
opment of Va14 NKT cells (8). 

T o  elucidate the functional defects in 
vivo that arose as a result of the selective loss 
of the Va14 NKT cell population, we inves- 
tigated the antitumor activity induced by 
IL-12. One model was intrasplenic injection 
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Fig. 3. Effector mechanisms of Vc)4 NKT cells. Twenty-four hours after the G Inhibitors : 
intraperitonea ~nject~on of IL-12 (2400 ~imouse)  into the J,281'" (A), ,40 
Jct281-'- (B), or RAG--Vm14'G Vp8.2tg (C) mice, splenocytes were subjected 

L$ co ld  target 
Control rnAb 

to a S'Cr-release assay on 516 (A to F). FBL-3, and LLC (G and H) as .$ ~ n t i - C ~ l d  t Anti-Vb8 

descrbed (25), Blocking experiments were carried out by usng unlabeled ,g 20 ~ n t i - ~ ~ 1 . 1  

(cold) targets and various mAbs (26). For antibody blocking, target or Vc)4 5 ~ n t i - ~ y r i g c  

NKT cells from RAG-'- Vm14'g V,8.2tg mlce were incubated with mAb to Anti-Fas t Anti-FasL 
Anti-IFNg 

FcyRIlilll (anti-FcyRllilll) (50 Fgiml) to avoid nonspecifc klling. The "Cr- 0 
6 12.525 612 .525  - 4 0 0  1 0 0 0  100 

labeled 81 6 and Vc) 4 NKT cells were incubated with the indicated numbers E/T ratio % inhibition 
of unlabeled t~imor cells as nhbtors as described (27) at the ndcated ratos 
(D) and with mAbs (26) at the indicated concentrations (E), In some experi- were also tested for their cytotoxicty on FBL-3 and LLC (G) ,  whose activities 
ments. Va14 NKT cells were Incubated with CMA (Wako Pure Chemical were abrogated by cold targets (H) but not by mAbs (26). The assays were 
Industries. Osaka) or control vehicle (dimethyl sulfoxide: DMSO) iF) at the performed at an effector to target (EI'T) ratio of 25: l  In the blocking experi- 
indcated concentrations as described (79). IL-12-activated Val 4 NKT cells ments. The data are expressed as the mean of three cultures * SD. 

of FBL-3 erythroleukemia (Fig. 2A) or B16 
melanoma (Fig. 2B), ivhich preferentially 
metastasize to the liver (13). Intraperitoneal 
administration of IL-12 after the intrasplenic 
graft of FBL-3 or B16 suppressed metastasis 
in the liver of J,28lP/' wild-type but not 
1,281-/ mice (Fig. 2, '4 and B). Because the 
mutant mice exclusively lack VL14 NKT 
cells, with the other lymphoid pop~llations 
left intact (V,14 NKT-deficient mice) (Fig. 
ID) ,  this implies that Vk14 NKT cells are a 
primary functional target of IL- 12 in 1-ivo. 
T o  exclude the possibility that a T cell pop- 
~llation other than 1614 NKT cells is the 
primary target of IL-12, we examined anti- 
tumor cytotoxicity in transgenic (V614'" 
Vp8.2'" mice lacking recombination acti- 
vating gene (RAG) (RAG-!- Vi14tq 
V 8.2"),k.hich preferentially generate 7 ~ 1 4  
N ~ T  cells but block the development of any 
other lymphocyte lineages, including NK, B, 
and T cells (\[_14 KKT mice) (1 4). In these 
mice, FBL-3 or B16 tumor cells were rejected 
as in wild-type mice (Fig. 2, A and B), 
indicating that NK and T cells are not re- 
quired for IL-12-mediated tumor rejection. 
Similar results were also obtained with other 
tumor systems, such as subcutaneous growth 
of Bl6 (Fig. 2C) and pulmonary metastases 
of B16 (Fig. 2D) or Lewis lung carcinoma 
(LLC) cells (Fig. 2E). These results confirm 
the previous observation of the protective 
effects of IL-12 on chose tulnors in vivo 
(15-17). In addition, R A G - / -  mice having 
only NK cells could not reject metastasis 
(18), and IL-12 is effective in NK cell- 
deficient beige mice or anti-asialoGhI1-treat- 
ed NK-depleted mice (1 7), indicating that 
NK cells are not a primary target of IL-12. 
Thus, con\~entional T and NK cells seem to 

be unnecessary for the IL-12-mediated rejec- 
tion of tumors. 

We further examined IL-12-induced anti- 
tumor activity in vitro (Fig. 3). The induction 
of antitumor cytotoxicity was impaired in 
J,281-/- mice (Fig. 3B), whereas B16 was 
killed in MG-'- V,14" V 8 Z t E  mice to a 
similar extent as in ~~281'!' ;ice (Fig. 3, A 
and C ) ,  again confirming that V,14 NKT cells 
are responsible for IL-12-mediated cytotoxic- 
ity. The most important observation on the 
effector mechanisms is that V,14 NKT cells 
kill the target through direct contact, because 
their cytotoxicity was specifically inhibited by 
unlabeled B16 (Fig. 3D). However, the mol- 
ecules responsible for the killing interactions 
have not been identified vet because none of 

the monoclonal antibodies (mAbs) so far test- 
ed successfully blocked V614 NKT cell-medi- 
ated cytotoxicity (Fig. 3E). In addition, the 
cytotoxicity was abrogated by treatment with 
concana~nycin A (CMA) (Fig. 3F). Because 
CMA is known to be a specific inhibitor of 
vacuolar-type Ht-dependent adenosine tri- 
phosphatase and it inhibits the activity of 
perforin ( 1  9), the effector function is likely to 
be mediated by NK-like mechanisms. Similar 
results were also observed with other tumors, 
including FBL-3 and LLC (Fig. 3, G and H ) .  

Interferon-y (IFN-y) is reported to be 
itnportant in the IL-12-mediated cytotoxic- 
ity because it is essential for CTL generation 
and NK cell activation (20). The depletion 
of CDBi CTLs and the blocking of IFN-y 

A YAC-I B P815 ConA blast EL- 4 

E I T ratio 

Fig. 4. Potential cytotoxicty of N K  and conventona T cells in Ja281-I- mice. (A) N K  activity. Poy(l:C) 
(150 I J . ~  per mouse; Pharmaca) or PBS (control) was Injected intraperitoneay into J,281 and 
JU281-L mce. After 24 hours, spleen cells were tested on YAC-1 cells. (B) Allospecific CTL activity. On 
day 0. P815 mastocytoma (3 x 10'; H-2") or PBS was injected intraper~toneally (prmed and unprimed, 
respectively) into J,281 and Jm28If -  mce. Spleen cells prepared on day 14 were assayed on P815, 
ConA-actvated BALBic splenocytes (H-29, and EL-4 tumor cells [H-2". The data are expressed as the 
mean of three cultures t SD 
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function with mAb to IFN-y reduce the 
efficacy of IL-12 (1 6,  17). Although V,14 
NKT cells are the major source of IFN-y 
(14), IFN-y may not be important in the 
effector phase. This is because high doses of 
mAbs to IFN-y do not inhibit V,14 NKT 
cell-mediated cytolysis (Fig. 3E). 

We examined the potential activity of 
KK and T cells in vitro in the mutant mice; 
both NK-mediated and T cell-mediated 
killing functions were potent. The NK ac- 
tivity induced by polyinosinic-polycytidylic 
acid [poly(I:C)] was as potent in J,281-I- 
mice as in wild-~ype mice (Fig. 4A). Simi- 
larly, significant allospecific CTL activity 
was detected on P815 (H-2d) and BALBIc 
(H-2d) concanavalin A (ConA) blasts, but 
not on EL-4 (H-2"), in 1,281-I- mice to the 
same extent as in wild-type mice (Fig. 4B). 
Thus, NK and conventional T cells in 
J,281-I- mice are functionally active, yet 
not indispensable for tumor rejection upon 
IL-12 stimulation. 

The primary effect of IL-12 on V,14 
NKT cells is also supported by the fact that 
IL-12 causes an increase in the actual num- 
bers of V,14 NKT cells (about a fourfold 
increase; 1.5 X lo5 to 6 X 10') and in their 
cell volume (1.3 to 2.5-fold increase) (21 ). 
It is now clear that a reevaluation of NK 
and T cell functions in the absence of V,14 
NKT cells may alter our understanding of 
the functions of various subsets of lympho- 
cytes in vivo. 
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T. Dohl, M. Tanlguch, S. Hakomorl, J, /mmuno/. 
139, 3171 (1987)). 
Cells (1 x 10" were flrst Incubated w~th mAb to Fc y 
receptors I and Ill (FcyRIl/lll) (2.462) to block non- 
speclfc stanng through FcyR, then the cells were 
~ncubated w~th fluoresce~n ~soth~ocyanate-labeled 
antl-TCRP (H57-597) and phycoerythrn-labeled an- 
t~-NKI .I (PKI 36). Dead cells were excluded by pro- 
pdium odlde staining, and 10%ells were analyzed 
by EPICS-ELITE (Coulter Eectroncs, Haleah, FL) 
wlth a logar~thmlc ampllfler as descrlbed (5). 
Ja281 +It, Ja281-I-, and RAG-/-VJ 4'gVp8.2'g mlce 
were ln~ected w~th 2 x 1 05 B l  6 or FBL-3 cells In the 

spleen for lver metastasis, intravenously w~th 3 x 
1 O5 81 6 or 2 x 1 O5 LLC cells for pulmonay metas- 
tases, or subcutaneously w~th 2 x l o 6  81 6 cells for 
subcutaneous tumor growth on day 0. Recombinant 
murlne L - I 2  (2400 U/mouse) or phosphate-buff- 
ered salne (PBS) was Injected on days 3,5,  7, and 9. 
On day 14, the mlce were kllled and ether metastatic 
nodules counted or GM3 melanoma antlgens mea- 
sured by rad~ommunoassay n the llver or lung as 
descrbed (22). For subcutaneous tumor growth, In- 
jecton of L-12 or PBS was lntated on day 5, and 
the mlce were treated flve tmes per week. The dl- 
ameters of tumors were measured every day wlth 
capers. The sizes of tumors were expressed as the 
products of the longest dlameter tlmes the shortest 
dlameter (In square mlmeters). 
Target cells were labeled wlth 100 ~ C I  of sodlum 
chlorlde (Amersham) per 5 x 10%ells for 1 hour. 
Effector cells were seeded In 96-well round-bot- 
tomed plates at Indicated effectorharget (E/T) ratlos 
agalnst 1 x 1 O4 target cells. The release of jlCr from 
ysed target cells was counted on a y-counter after a 
4-hour lncubaton at 37°C In 5% C02. The percent of 
specfc "Cr-release was calculated by the folowlng 
formula: percent of speclflc ysls = (sample cpm - 
spontaneous cpm) x 1 OO/(max~mum cpm - sponta- 
neous cpm). Spontaneous cpm was calculated from 
the supernatant of the target cells alone, and the 
maxlmum release was obtaned by addng 1 N H C  to 
target cells. 
MAbs to H-2Kb (AF6-885), H-2Db (KH-95), CDld 
( I  BI ) ,  V 8 (MR5-21, NKI .I (PK136), Ly49C (5E6), 
FN-y (84 -6~2) ,  Fas ( J O ~ ) ,  and Fas lgand (K10) 
(Pharmingen) were used for bocklng experments. 
S. Wakabayashl, M. Tanguch, T. Tokuhsa, H. To- 
mloka, S. Okamoto, Nature 294, 748 (1 981). 
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CDl d-Restricted and TCR-Mediated Activation 
of Val 4 NKT Cells by Glycosylceramides 

Tetsu Kawano, Junqing Cui, Yasuhiko Koezuka, lsao Toura, 
Yoshikatsu Kaneko, Kazuhiro Motoki, Hitomi Ueno, 
Ryusuke Nakagawa, Hiroshi Sato, Eisuke Kondo, 

Haruhi ko Koseki, Masaru Taniguchi* 

Natural killer T (NKT) lymphocytes express an invariant T cell antigen receptor (TCR) 
encoded by the V,14 and J,281 gene segments. A glycosylceramide-containing a- 

anomeric sugar with a longer fatty acyl chain (C,,) and sphingosine base (C,,) was 
identified as a ligand for this TCR. Glycosylceramide-mediated proliferative responses 
of V,l4 NKT cells were abrogated by treatment with chloroquine-concanamycin A or by 
monoclonal antibodies against CDldN,8, CD40/CD40L, or B7lCTLA-4lCD28, but not 
by interference with the function of a transporter-associated protein. Thus, this lym- 
phocyte shares distinct recognition systems with either T or N K  cells. 

A n  unusual lineage of lymphocytes, V,14 
NKT cells, are characterized by their devel- 
opment before thymus formation ( I ) ,  their 
expression of an invariant TCR encoded by 
the V,14 and J,281 gene segments (2 ,  3) 
mainly associated with V 8.2 (4),  and by 
the coexpression of the d ~ l . 1  receptor, a 
marker of NK cells (5). The invariant V,14 

TCR is essential for the development and 
function of V,14 NKT cells (6-8). Con- 
trary to the general rule that the interaction 
of the TCR with the major histocompati- 
bility complex (IvlHC) molecules leads to 
the development of T cells, V,14 NKT cells 
are selected by CDld,  a nonclassical class Ib 
molecule (9); mutant mice deficient in 
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