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attractor; however, the lattice effect 6-pattern 
episodically recurs (see Fig. 3, D and E). 

The 6-pattern forecast by the stochastic 
lattice model is evident in the three experi- 
mental replicates (3, 18). Figure 4A shows 
the larval time series data from one replicate. 
The intermittently occurring 6-pattern is also 
seen in the phase space representation of the 
data (Fig. 4B). 

Lattice effects can dramatically alter the 
predictions of ecological models, especially 
in systems for which the continuous-state 
deterministic dynamics are complex. In de- 
terministic models, discretizing state space 
can replace a complicated continuous-state 
attractor with a simpler lattice attractor; yet 
the continuous-state dynamics remain impor- 
tant, inasmuch as they continue to shape the 
transient behavior on the lattice. In the vres- 
ence of noise, the system is influenced by 
both transients and attractors, and thus dis- 
plays episodes that alternately resemble the 
dynamics of the continuous-state and lattice 
models. We emphasize that such lattice ef- 
fects are not only found in relatively coarse 
lattices or in small populations; indeed, in our 
experimental study of chaotic population dy- 
namics, lattice effects were important even 
with lo7 lattice points. 

A primary goal of ecology is the under- 
standing of population fluctuations. Our evi- 
dence demonstrates that the traditional focus 
on continuous-state models is too narrow. 
Specifically, important effects in population 
dynamics due to the discrete nature of organ- 
isms may be entirely missed by continuous- 
state models, yet follow as straightforward 
predictions of lattice models. We suggest that 
a complete understanding of some population 
systems will require a blend of both contin- 
uous-state and discrete-state models. 
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Regulation of Cutaneous 

Malignancy by y6 T Cells 


Michael Girardi,'* David E. Oppenheim,'* Carrie R. Steele: 
Julia M. Lewis,' Earl ~Lusac,' Renata Filler,' Paul H ~ b b y , ~  

Brian S ~ t t o n , ~  Robert E. Tigelaar,' Adrian C. HaydayZt 

The localization of y6 T cells within epithelia suggests that these cells may 
contribute to the down-regulation of epithelial malignancies. We report that 
mice lacking y8 cells are highly susceptible to multiple regimens of cutaneous 
carcinogenesis. After exposure to carcinogens, skin cells expressed Rae-1 and 
H60, major histocompatibility complex-related molecules structurally resem- 
bling human MICA. Each of these is a ligand for NKCZd, a receptor expressed 
by cytolyticT cells and natural killer (NK) cells. In vitro, skin-associated NKC2df 
yS cells killed skin carcinoma cells by a mechanism that was sensitive to 
blocking NKG2d engagement. Thus, local T cells may use evolutionarily con- 
served proteins to negatively regulate malignancy. 

A substantial fraction of the T cell pool is mas show up-regulated expression of two 
constitutively resident within epithelia. major histocompatibility complex (MHC) 
These intraepithelial lymphocytes (IELs) class I-related molecules, MICA and 
display limited T cell receptor (TCR) di- MICB, and are targets for cytolysis by in- 
versity and may recognize autologous pro- testinal TCRyG+ IELs expressing NKG2d, 
teins expressed on epithelial cells after in- a receptor for MICA and MICB (2). None-
fection or malignant transformation (I). theless, the capacity of either y8 cells or 
Consistent with this, human bowel carcino- MICA to regulate malignancy in vivo is 
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uncertain. Hence, we have studied three 
murine models of cutaneous malignancy. 
The skin was chosen because >90% of 
murine skin-associated IELs express 
TCRy6 (3) and because of the practicality 
of assessing tumor development in situ. 
Although the MICAIB locus is not con-
served, mice express counterpart NKG2d 
ligands (4, 5) ,  which might play a role in 
the detection of tumors. 

Malignancy was induced either by inoc- 
ulation of carcinoma cells or by chemical 
carcinogenesis. Thus, mice (i) were inject- 
ed intradermally with the squamous cell 
carcinoma line PDV into two sites per 
mouse (6, 7); (ii) were injected intrader- 
mally with the carcinogen methylcholan- 
threne (MCA) (8, 9); or (iii) received skin 
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Research Core Center, 2Peter Corer Department of 
Immunobiology, Guy's King's St. Thomas' Medical 
School, 3Randall Centre for Molecular Medicine, Guy's 
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*These authors contributed equally t o  this report. 
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Fig. 1. Increased cuta- A 

applications of dimethylbenz[a]anthracene 
(DMBA) and phorbol ester (12-0-tetra-
decanoylphorbol; TPA), which induce and 
promote cutaneous malignancy, respective- 
ly (10, 11). To directly test the role of y6 
cells in regulating carcinogenesis, we com- 
pared tumor development in wild-type 
C57BLl6 mice with that in TCRG-' mice, 
which lack y6 cells. Parallel comparisons 
were made with tumor development in 
TCRP-'- mice, which lack a p  T cells, and 
with TCRP--G-' mice, which lack all T 
cells (12). 

When wild-type and TCR6-'- mice were 
challenged with PDV cells, the number of 
sites that had been inoculated and then devel- 
oped into tumors was greater in the TCRS-'- 
mice by a factor of 3 to 4. In total, 41 of 110 
sites developed as tumors in TCRG ' mice, 
versus 13 of 134 sites in controls (P < 0.0 1). 
Consistent with this difference, 60% of 
TCRG mice developed at least one tumor, 
compared to <20% of controls. However, 
there was only a minor reduction in tumor 
latency (Fig. lA), indicating that y6 cells 
reduced the number of events that develop as 

tumors, but not the time required for tumor 
development. In TCRP-' mice and TCRP 
6 '  mice, -100% of sites developed as tu- 
mors, and latency was substantially reduced 
(Fig. 1A). These findings demonstrate that 
a p  T cells and y6 cells each regulate the 
growth of PDV-caused tumors, but in distinct 
fashions. The susceptible phenotype of 
TCRG-' mice demonstrates that the lack of 
y6 cells is not compensated for by the pres- 
ence of a P  T cells and NK cells. 

To directly assess the role of y6 cells in 
the development of MCA-induced fibrosar- 
comas and spindle cell carcinomas, we first 
backcrossed TCR-mutant mice ( 2 1 1  genera- 
tions) to FVB mice, which are highly suscep- 
tible to chemical carcinogenesis. After MCA 
injection, greater numbers of TCRG-' mice 
and TCRP-'- mice developed tumors relative 
to FVB mice (Fig. 1B). This finding agrees 
with previous studies showing T cell regula- 
tion of MCA-induced skin tumors (13). 
Again, the presence of either type of T cell 
failed to compensate for the absence of the 
other. 

Naturally occurring human carcinomas 

neous malignancy in +FVB1XI o6 PDV cells +FVB 0-1- ' TCRG-I- mice. (A) Fre- Injected I.D. X 2 siteslmouse 
quency of tumor for- +FVB 6-1- !
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often result from incremental insults that 
cause an accumulation of mutations (14). 
This type of etiology can be modeled by 
application of the tumor initiator DMBA 
followed by the tumor promoter TPA. Pal-
pable local hyperplasias either regress or 
develop into regular-shaped papillomas, 
some of which evolve into irregular-shaped 
carcinomas (11). At 7 weeks, 67% of 
TCR6-/- mice were tumor-bearing versus 
16% of wild-type mice. The tumor burden 
was also increased in TCRS-I- mice (Fig. 
1C). By contrast, TCRP-I- mice and wild-
type mice were equally susceptible to 
DMBA- and TPA-induced carcinogenesis, 
and at higher doses of TPA, TCRP-/- mice 
actually showed reduced susceptibility 
(Fig. ID). This finding is consistent with 
other instances where comDonents of the 
immune response promote rather than in-
hibit cutaneous malignancy (15). In addi-
tion to showing increased tumor burden, 
TCRS-'- mice also revealed a higher inci-
dence of progression of papillomas into 
carcinomas (Fig. 1E). These experiments 
provide additional evidence that y6 cells 
and a p  T cells make distinct contributions 

Fig. 2. A cell surface 
ligand for murine 
NKC2d. (A) Left pan-
el: PDV cells stained 
with NKC2d beads 
(dark shading) and 
unstained (light shad-
ing). Right panel: 
staining of PDV cells 
by NKG2dbeadsafter 
60-min pretreatment 
of cells with phospho-
lipase C (dark shad-
ing) and unstained 
(light shading). (B) 
Rae-I RT-PCR prod-
ucts detected by 
ethidium bromide 
staining in agarose. 
(C) Predicted amino 
acid alignment(40) of 
Rae-I isoforms. The 
boxed residues are 

to the regulation of tumor growth. 
In all three regimens, y6 cell deficiency 

reduced resistance to cutaneous malignan-
cy. To determine whether the tumor cells 
might express a functional equivalent of 
human MICAIB that could act as a ligand 
for NKG2d on y6 cells, we constructed 
streptavidin beads displaying the ectodo-
mains of recombinant murine NKG2d fused 
to a stalk provided by domains 3 and 4 
(d3+4) of rat CD4 (16-18). These beads 
bound PDV cells (Fig. 2A). Mouse cells 
staining with NKG2d reagents have previ-
ously been shown to express the MHC class 
I-related proteins Rae-1 or H60 (4, 5, 19). 
Sequence analysis of RNA expressed by 
PDV cells identified Rae-1e (Fig. 2B) (20-
22), a novel fifth sequence encoded by the 
Rae-1 locus (Fig. 2C) (21). Rae-1 proteins 
are glycosylphosphatidylinositol (GP1)-
linked (4, 5, 21); consistent with this fact, 
PDV cell staining by NKG2d beads was 
sensitive to the presence of phospholipase 
C (Fig. 2A). 

To test whether murine NKG2d could di-
rectly interact with Rae-le, we immobilized 
Rae-le-CD4(d3+4) fusion protein on beads 
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(23) that were incubated with recombinant 
NKG2d-CD4(d3 +4). We observed that 110-
kD homodimers of NKG2d-CD4(d3 +4) 
were retained efficiently on the Rae-1-CD4 
beads but inefficiently on control beads dis-
playing CD4(d3+4) (Fig. 3B). A specific 
interaction between soluble Rae-le and im-
mobilized NKG2d was confirmed by surface 
plasmon resonance (Fig. 3C) (24). 

The hypothesis that the Rae-1-NKG2d 
interaction is homologous to that of human 
NKG2d and MICA was tested by molecular 
modeling. Fold recognition identified the 
best template for Rae-1 to be the MHC-like 
molecule ZAG (25, 26). When this model is 
compared with the crystal structure of 
MICA complexed to NKG2d (27), it is 
clear that the charge distribution and con-
tours of surfaces of MICA and Rae-1 are 
similar and are quite distinct from those of 
conventional class I MHC (22). Likewise, 
the residues in human NKG2d that contact 
MICA are conserved and appropriately lo-
cated in murine NKG2d (27, 28). Molecu-
lar phylogenetic analysis confirmed the re-
latedness of Rae-1 to MICAIB and to the 
recently described human ULBP proteins 
that also bind NKG2d (Fig. 3D) (29). 

To determine whether cutaneous 
TCRyS+ IELs [known as dendritic epider-
mal T cells (DETCs)] can respond to Rae-1 
expression on PDV cells, we tested DETCs 
for NKG2d expression. By reverse tran-
scription polymerase chain reaction (RT-
PCR), NKG2d was detected at very low 
levels in a primary interface epidermal cell 
(IEC) preparation that contains 1% DETC 
("crude IEC"), but was more clearly appar-
ent in enriched IEC composed of -4% 
DETC (Fig. 3A). NKG2d was expressed in 
all DETC lines and was slightly enhanced 
by cell activation (5, 30).Two recently and 
independently derived DETC lines, 10-21 
and 6-13, were tested for cytolytic effector 
function toward PDV cells (31, 32). Killing 
was consistently evident, even at an effec-
tor:target (E:T) ratio of 0.3 :1 (Fig. 4A). As 
the E:T ratio was substantially increased, 
greater cytotoxicity (580%) was occasion-
ally observed (33), although there was 
greater experimental variation, perhaps due 
to T cell inhibition by-products released 
from dying tumor cells. 

To investigate the molecules mediating 
the targeting of PDV cells by DETCs, we 
supplemented killing assays with soluble 
antibody to TCRy6, soluble recombinant 
Rae-le, or an antiserum to NKG2d (34). 
Each reagent significantly inhibited killing 
(Fig. 4A). Moreover, the combination of 
anti-TCRy8 with either of the other two 
reagents reduced killing additively by 75 to 
95% (Fig. 4A). These results are consistent 
with recent experiments showing that kill-
ing of virus-infected cells by NKG2d+ a p  
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Fig. 3. NKC2d is expressed on A 
TCRyG+ cells and binds Rae-1s. 
(A) NKC2d expression in 83 , p _$% 

$? ?: **d&p$C& @ TCRy8+ DETC lines 17-1 7, B1, , , , ,, eaq 
3084, and UlOE1, maintained as p . - m 

6 
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resting cultures or st~mulated . 
with anti-CD3 (aCD3)I; in trans- 
formed keratinocyte cell lines 
(PAMZ-12, PDV); and in epider- 
mal preparations directly ex 
vivo (crude IEC) and in those 
enriched for primary DETC cells 
(enriched IEC). (B) Biochemical 
evidence for Rae-1~ b~nding to  100 

NKCZd was provided by use of g z: magnetic streptavidin beads 40 

coated with either biotinylated 
recombinant CD4(d3+4) (CD4 
bead) or a fusion of CD4(d3+4) 
with Rae-le (Rae-1~ bead). Af- 0 20 40 60 80 100 120 140 

ter a 5-hour incubation of beads Time (s) 

with 100 nmol of NKC2d-CD4(d3+4), proteins were eluted from the beads with SDS or were 
sampled from the unbound supernatant and detected by Western blotting using OX68 (anti- 
CD4). The -1 10-kD NKG2d-CD4(d3+4) homodimer is detected most strongly in the supernatant 
of the CD4 beads and the bound fraction of the Rae-1s beads. Eluted Rae-l&-CD4(d3+4) is 
detected at -76 kD. (C) Surface plasmon resonance indicates spec~fic binding of Rae-1~-CD4 to 
NKCZd-CD4. Dark lines are increasing concentrations of Rae-1~ analyte: 4,8, 16, and 32 yM; faint 
dotted line is CD4 analyte, 8 pM. (D) Phylogeny of MHC class I-related molecules generated with 
the topological algorithm of ClustalW (Rae-1~ and H60 are highlighted). 

Fig. 4. Targeting of Rae- A 
I+ cells by y8 cells and 
Rae-1 expression in vivo. 
(A) Left panel: Chromium 
release assay of 51Cr- 
loaded PDV cells after in- : 
cubation with TCRy8+ 
DETC, in the presence of 3 
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combinant Rae-1~ oro- 
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T cells is contingent on the engagement of and TPA, in papillomas, and in carcinomas 
NKG2d and TCR (35). (11, 36). Normal skin showed negligible lev- 

To assess the general relevance of els of Rae-1, consistent with evidence that 
NKG2d-dependent killing of PDV to the im- Rae-1 is primarily expressed in embryonic 
mune surveillance of carcinomas, we exam- brain and limb buds (21). There was likewise 
ined the expression of Rae-1 by RT-PCR in no evidence of H60 expression (Fig. 4B). By 
normal FVB skin, in skin treated with DMBA contrast, Rae-1 and H60 expression were 

moderately increased in several areas of 
painted skin 24 hours after surface applica- 
tion of TPA. Where such areas did not devel- 
op any histological lesions, there was subse- 
quently no evidence for Rae-1 or H60 expres- 
sion. By contrast, Rae-1 andlor H60 were 
expressed in most fleshly explanted papillo- 
mas and in all carcinomas. 

The high susceptibility of immunosup- 
pressed renal graft patients to squamous cell 
carcinomas is well established (37). By con- 
trast, the individual immunological mecha- 
nisms that contribute to tumor surveillance 
are not fully defined. In this study, mice 
lacking yS cells are shown to have increased 
susceptibility to three distinct regimens of 
induced cutaneous malignancy. Moreover, 
there are clear differences in the nature of the 
contributions that yS cells and orp T cells 
make to the regulation of malignancy induced 
by PDV cells and by application of DMBA 
and TPA. 

In species as diverse as chickens, mice, 
and humans. local T cell subsets are com- 
monly enriched in yS cells. Here we have 
shown that TCRyS+ DETCs can kill squa- 
mous carcinoma cells, contingent on the 
expression of Rae-1 by these cells. Consis- 
tent with the capacity of yS cells to inhibit 
tumor development, we have shown that 
Rae-1 is up-regulated in vivo by chemical 
carcinogens. Because NKG2d is expressed 
on numerous cytolytic T cells and NK cells, 
transformed cells expressing NKG2d li- 
gands such as Rae-1 and MICA may be 
vulnerable to several types of attack. It is 
likely that the nature of the cells that target 
tumor cells in vivo is determined by the 
anatomical accessibility of the tumor to the 
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NKG2df cell and the presence of other 
ligands on the transformed cells that might 
either activate or inhibit particular types of 
cytolytic cell. In the case of cutaneous ma- 
lignancy in the mouse, the nonredundant 
contribution of y6 cells may reflect the 
intimate juxtaposition of DETC with kera- 
tinocytes andlor the presence on keratino- 
cytes of an as-yet-unidentified ligand for 
the y8 TCR. y6 T cells may perform similar 
roles in the human gut, where NKG2dt 
TCRyGt IELs are highly cytolytic ( 2 ) , and 
in human skin, where a distinct subset of y6 
T cells was recently identified (38).  

DETC-mediated cytotoxicity may com-
plement the interferon y-mediated effects 
that were recently shown to contribute to 
immunosurveillance of MCA-induced tumors 
(13). Additionally, TCRyst DETC can 
down-regulate inflammation provoked by 
systemic a@ T cells (39). Because a@ T cell 
responses can on occasion promote tumor 
growth (15), as shown for the DMBA-TPA 
regimen studied here, their down-regulation 
may be another means by which local y6 
cells may reduce primary tumor develop-
ment. These findings are clearly relevant to 
understanding the selective pressures on de- 
veloping tumors and to considering the types 
of immune responses that would be useful in 
clinical intervention. 

References and Notes 
1. C. A. Janeway, B. Jones, A. Hayday. Immunol. Today 9. 

73 (1988). 
2. V. Groh et al.. Proc. Natl. Acad. Sci. U.S.A. 96. 6879 

(1999). 
3. D. Asarnow et al., Cell 55, 837 (1988). 
4. A. Cerwenka et al., Immunity 12, 721 (2000). 
5. A. 	 Diefenbach, A. Jamieson, S. Liu, N. Shastri, D. 

Raulet, Nature lmmunol. 2, 119 (2000). 
6. N. Fusenig, S. Amer, P. Boukamp. P. Worst, Bull. 

Cancer 65. 271 (1978). 
7. PDV cells were 	trypsinized, washed three times. 

and resuspended in phosphate-buffered saline 
before intradermal injection (i.e., raising a bleb) 
with a 25-gauge needle into C57BL/6 mice at l o6  
cells per site. Mice were observed weekly for pal- 
pable tumors, which were measured with calipers 
in two directions t o  determine tumor area. Mice 
were killed for tumors measuring greater than 100 
mm2. All experiments using animals were carried 
out in facilities accredited by the Association 
for Assessment and Accreditation of Laboratory 
Animal Care. 

8. D. Kaplan et al.. Proc. Natl. Acad. Sci. U.S.A. 95, 7556 
(1998). 

9. Wild-type, 	 TCRG4-, and TCRP-/- C578U6 mice 
(Jackson) were backcrossed to FVB (Taconic) for 2 1  1 
generations. Repeat testing failed to identify known 
bacterial pathogens, mites, or pinworms on the skin. 
All mice used were -8 weeks of age. Mice were 
injected intradermally (i.e., raising a visible bleb) with 
5 (18 of 3-MCA (Fluka) in 100 (11 of peanut oil (Sigma) 
into the right flank using a 3/4-inch 27-gauge needle. 
Mice were inspected and tumors examined every 1 to 
2 weeks (7). 

10. D. Owens. 5. Wei, R. Smart. Carcinogenesis 20, 1837 
(1999). 

11. Initiation was bv ~ i ~ e t t e  of 100 nmol a ~ ~ l i c a t i o n  
of DMBA (sigm;) jn'acetone'onto the back skin of 
8-week-old mice, 1 week after shaving hair with 
electric clippers. Promotion was weekly with 5 or 
40 nmol of TPA (Sigma). Mice were assessed every 
1 to 2 weeks for tumor development, and tumors 

were counted and scored as clinically apparent 
papillomas (typically well-demarcated, symmetri- 
cal, pedunculated, or dome-shaped papules, with- 
out erosion or ulceration) or clinically apparent 
carcinomas (poorly demarcated, asymmetrical, 
nonpedunculated, or dome-shaped papules with 
erosion or ulceration). 

12. P. Mombaerts et dl., Nature 365. 53 (1993). 
13. V. Shankaran et dl., Nature 410, 1107 (2001). 
14. D. Hanahan, R. Weinberg, Cell 100, 57 (2000). 
15. L. Coussens, Z. Werb,]. Exp. Med. 193, F23 (2001). 
16. To express biotinylated type II integral membrane 

proteins COOH-terminal to d3+4 of rat CD4, we 
modified plasmid pBSKS-XB (17). The resulting vec- 
tor, pBSKS type II (containing Xba I-CD4L-Sal I-
BirA-Xma I-CD4 d3+4-Eco RI-stop-Bam HI), was 
designed such that the synthetic BirA substrate pep- 
tide SCSLHHILDAQKMVWNHR (40) is NH,-terminal 
to the mature protein. Murine NKC2d cDNA, ampli- 
fied from C57BL6 lymph node using primers GGAA- 
TTCACCCCCCCCCTCCTTTCACCCACTATTCTCCA-
AC and GATATCTGATCAAGATCTTTACACCCCCCTT-
TTCATGCAG, was ligated into the pBSKS Type II 
vector via Eco RI and Bam HI. The coding fragment 
(Xba I-Bgl II) was subcloned into the expression 
vector pEF-BOS (18). Recombinant proteins were 
expressed in 293T cells with supernatants harvest- 
ed at 72 hours and again 72 hours later. Harvests 
were assayed by Western blot with OX68 (anti- 
body to rat CD4) and by CD4-inhibition ELlSA 
(enzyme-linked immunosorbent assay); NKG2d 
chimeras were routinely expressed at -20 &g/ml. 
On nonreduced SDS gels, NKG2d-CD4d3+4 chi-
meras ran at -110 kD. For biotinylation, superna- 
tants were exchanged 1:100 into 10 mM tris-HCI 
(pH 8.0) and concentrated for addition of 1 (11 of 
BirA biotin ligase (Avidity) per 0.7 m l  of concen- 
trate. Unreacted biotin was removed by dialysis. 
Biotinylation was assessed by depletion with avi- 
din-coated beads and OX68 Western blot of resid- 
ual supernatants. For cell staining, 200 (11 of avi- 
din-coated 0.5-(~m pink fluorescent particles 
(Spherotech) were resuspended in 400 (11 of biotin- 
CD4-NKG2d for 1 to 2 hours at 4°C pelleted, and 
resuspended in 200 (11 of RPMI medium. PDV cells 
were dissociated by agitation and 0.5 mM EDTA. 
Treatment with PLCgamma (5 U/ml, Sigma) was 
for 1 hour at 37°C with mixing every 10 min. Cell 
staining took place on ice for 1 hour with mixing. 
Tubes were flooded with 1.5 m l  of RPMI; cells were 
pelleted by centrifugation and analyzed in a 
Coulter or Cytomation MoFlo flow cytometer. 

17. M. H. Brown et al.. j. Exp. Med. 188, 2083 (1998). 
18. S. Mizushima, 5. Nagata, Nucleic Acids Res. 18, 5322 

(1990). 
19. S. Malarkannan et al.,]. lmmunol. 161, 3501 (1998). 
20. Rae-1e cDNA was 	amplified from PDV cells using 

primers AAAATCTACACAAACCATCGCCAAGGCAGC-
AGTGACC and AAAAATCTCGACCCACATATCAACA-
TCACTCCCACACAC. The CenBank accession number 
for Rae-le is AY056835. 

21. M. Nomura et dl., j .  	Biochem. (Tokyo) 120, 987 
(1996). 

22. Supplementary information is available at Science 
Online (www.sciencemag.org/cgi/content/fulV 
1063916/DCl). 

23. Rae-le cDNA was cloned into the Xba I-Sal I sites 
of the Type I pEF-BOS vector containing CD4 d3+4 
and the BirA substrate peptide. Magnetic beads 
were coated with either biotinylated Rae-le CD4 
d3+4 or CD4 d3+4 and incubated with 2 nmol of 
nonbiotinylated NKC2d for 5 hours at 4°C with 
rocking before pelleting on a magnet. Bound and 
unbound proteins were determined after dissocia- 
tion by SDS-polyacrylamide gel electrophoresis 
(PAGE) and Western blotting with 0x68. Nonbi- 
otinylated NKG2d and Rae-le were affinity-puri- 
fied on an OX68 column and acid-eluted in 0.2 M 
acetate, 500 mM NaCl buffer. After neutralization. 
~ro te inswere concentrated, run on SDS-PAGE, and 
silver-stained to assess purity. Protein concentra- 
tions were measured by BCA protein assay (Sigma). 

24. Surface plasmon resonance experiments were done 
in the Biacore-X (Biacore AB). Dilutions of Rae-1e 
analyte in HBS-P (Biacore AB) with 5 mM calcium 

were injected over 7 sat  100 (~l /min into flow cells 
containing 500 RU of biotinylated NKG2d coupled 
to a streptavidin-coated chip or a reference cell 
containing -500 RU of biotinylated CD4 domains 
3 and 4. Rae-le analytes were gel-filtered just 
before experiments. 

25. 	 L. M. Sanchez, A. J. Chirino, P. Bjorkman. Science 283, 
1914 (1999). 

26. Candidate 	 template structures for Rae-1 were 
identified using the fold recognition program 
3dPSSM. ZAG (PDB code 1ZAG) gave the highest 
score; other MHC-related molecules also scored 
highly. The Rae-1 sequence was threaded onto 
template Cor traces, and full coordinates were gen- 
erated using the program HOMOLOGY (in IN-
SIGHT, Molecular Simulations Inc.), with loops 
modeled with CENLOOP where necessary. A phy- 
logenetic tree was generated using the multi-
sequence alignment ClustalW and CeneBee bioin- 
formatics resources (http://genebee.msu.su). 

27. P. Li et al., Nature lmmunol. 2. 443 (2001). 
28. D. W. Wolan et dl., Nature Immunol. 2, 248 (2001). 
29. D. Cosman et al., Immunity 14. 123 (2001). 
30. E. L. Ho et al., Proc. Natl. Acad. Sci. U.S.A. 95, 6320 

(1 998). 
31. J. Coligan et al., Current Protocols in Immunology 

(Wiley. New York, 1991). 
32. Soluble Rae-1~ was prepared as described (24) and 

used at a final concentration of 1 (~glml. 
33. J. M. Lewis. R. E. Tigelaar, unpublished data. 
34. Rats 	 were immunized with recombinant murine 

NKG2d-rat CD4d3+4 chimerae purified to homoge- 
neity, as detected by silver staining of electropho- 
resed protein (24). The antiserum recognized the 
immunogen in ELlSA and Western blots, with negli- 
gible reactivity toward CD4 d3+4. It immunoprecipi- 
tated one specific species from DETC lines, by com- 
parison with normal rat serum. 

35. V. Groh et dl., Nature Immunol. 2, 255 (2001). 
36. RNA was prepared by trizol (Gibco) from cell pellets, 

from adherent cells lysed in flasks, from fresh organ 
samples homogenized directly into trizol using an 
electric homogenizer, from normal skin, or from skin 
lesion samples that were snap-frozen in liquid nitro- 
gen and ground with mortar and pestle. Conditions 
for all standard PCRs: 3 min at 96°C (45 s at 96"C, 
45 s at 56"C, 1 min at 72"C), 30 cycles; 10 min at 
72°C. PCR primers for mouse H60: sense, CAACAC- 
CATCCCAAACCCACCC; antisense, TTTTTCTTCAG- 
CATACACCAAGCGAATACC (products are 774 and 
550 bp); Rae-1: sense, CAAACCATCCCCAACCCAC- 
CACTCACC; antisense, AGATATCAAGATGAGTCCC- 
ACACAC (product is 762 bp); hypoxanthine-guanine 
phosphoribosyltransferase (HPRT): forward, GTTC- 
CATACACGCCACACTTTCTTC; reverse, GAGCG-
TACCCTCCCCTATGGCT (~roduct  is 352 b ~ ) :  B-ac-
tin: sense. CTCAACTACCCCATTGAACATG~C;'anti-
sense. CAGACCAGTAATCTCCTTCTCCAT ( p rod~ctIS 

762 bp). 
37. V. Marshall, Transplantation 17, 272 (1974). 
38. W. Holtmeier et al., j .  Invest. Dermatol. 116. 275 

(2001). 
39. M. Girardi, 	J. Lewis, A. C. Hayday, R. E. Tigelaar, 

unpublished data. 
40. 	 Single-letter abbreviations for amino acid residues 

are as follows: A, Ala; C, Cys; D, Asp; E, Clu; F, Phe; 
C, Cly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. 

41. We thank A. Balmain for PDV cells and for discus- 
sions on oncology regimens; M. Brown for help 
with the development of polyvalent staining re-
agents; ]. Steel for generating antisera; many col- 
leagues, particularly A. Turner for advice; and W. 
Turnbull for flow cytometry. Supported by Well- 
come Trust grant 05308 (A.C.H.), NIH Al grant 
27855 (R.E.T.), and an NIH KO8 grant (M.G.). C.R.S. 
is a HHMl predoctoral fellow. 

29 June 2001; accepted 4 September 2001 
Published online 20 September 2001: 
10.1126/science.1063916 

Include this information when citing this paper. 


www.sciencemag.org SCIENCE VOL 294 19 OCTOBER 2001 	 609 

(http://genebee.msu.su)

