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, /8). 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 pres-
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 107 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 yo T Cells
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The localization of yd T cells within epithelia suggests that these cells may
contribute to the down-regulation of epithelial malignancies. We report that
mice lacking yd 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 NKG2d, a receptor expressed
by cytolytic T cells and natural killer (NK) cells. In vitro, skin-associated NKG2d™*
vd 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
constitutively resident within epithelia.
These intraepithelial lymphocytes (IELs)
display limited T cell receptor (TCR) di-
versity and may recognize autologous pro-
teins expressed on epithelial cells after in-
fection or malignant transformation (7).
Consistent with this, human bowel carcino-

mas show up-regulated expression of two
major histocompatibility complex (MHC)
class I-related molecules, MICA and
MICB, and are targets for cytolysis by in-
testinal TCRy3™* IELs expressing NKG2d,
a receptor for MICA and MICB (2). None-
theless, the capacity of either y& cells or
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
TCR«y3 (3) and because of the practicality
of assessing tumor development in situ.
Although the MICA/B 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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applications of dimethylbenz[a]anthracene
(DMBA) and phorbol ester (12-O-tetra-
decanoylphorbol; TPA), which induce and
promote cutaneous malignancy, respective-
ly (10, 11). To directly test the role of yd
cells in regulating carcinogenesis, we com-
pared tumor development in wild-type
C57BL/6 mice with that in TCR3™~ mice,
which lack y& cells. Parallel comparisons
were made with tumor development in
TCRB~~ mice, which lack aff T cells, and
with TCRB~~8~~ mice, which lack all T
cells (12).

When wild-type and TCR3”~ mice were
challenged with PDV cells, the number of
sites that had been inoculated and then devel-
oped into tumors was greater in the TCR3 ™~
mice by a factor of 3 to 4. In total, 41 of 110
sites developed as tumors in TCR3™~ mice,
versus 13 of 134 sites in controls (P < 0.01).
Consistent with this difference, 60% of
TCR® ™~ mice developed at least one tumor,
compared to <20% of controls. However,
there was only a minor reduction in tumor
latency (Fig. 1A), indicating that yd cells
reduced the number of events that develop as

tumors, but not the time required for tumor
development. In TCRB™~ mice and TCRB~"~
3~ mice, ~100% of sites developed as tu-
mors, and latency was substantially reduced
(Fig. 1A). These findings demonstrate that
afy T cells and yd cells each regulate the
growth of PDV-caused tumors, but in distinct
fashions. The susceptible phenotype of
TCR®~ mice demonstrates that the lack of
vd cells is not compensated for by the pres-
ence of aff T cells and NK cells.

To directly assess the role of yd cells in
the development of MCA-induced fibrosar-
comas and spindle cell carcinomas, we first
backcrossed TCR-mutant mice (=11 genera-
tions) to FVB mice, which are highly suscep-
tible to chemical carcinogenesis. After MCA
injection, greater numbers of TCR3™~ mice
and TCRB™ 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 (/3).
Again, the presence of either type of T cell
failed to compensate for the absence of the
other.

Naturally occurring human carcinomas

Fig. 1. Increased cuta- A B 100+
neous malignancy in 1x10° PDV cells 90- ~ E\\;g /
TCR3™~ mice. (A) Fre- Injected 1.D. X 2 sites/mouse podl ~-FVB B+
quency of tumor for- - - - @ = FVB &-/-
mation, expressed as Mouse Strain  Tumor-Site Incidence Tumor Latency (wks) 270 N= 18 to 20 /group
numbers of tumors L 60
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of 10° PDV cells and C57BL/6 3/24 6.711.2 2 404 B-- and FVB 8-/~ vs
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for the development 8/20 20+
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of TPA (*P < 0002, D . ; 0 b %" FVBwi
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often result from incremental insults that
cause an accumulation of mutations (/4).
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 (/7). At 7 weeks, 67% of
TCR®™~ mice were tumor-bearing versus
16% of wild-type mice. The tumor burden
was also increased in TCRS™~ mice (Fig.
1C). By contrast, TCRB™~ mice and wild-
type mice were equally susceptible to
DMBA- and TPA-induced carcinogenesis,
and at higher doses of TPA, TCRB ™/~ mice
actually showed reduced susceptibility
(Fig. 1D). This finding is consistent with
other instances where components of the
immune response promote rather than in-
hibit cutaneous malignancy (/5). In addi-
tion to showing increased tumor burden,
TCR®™/~ mice also revealed a higher inci-
dence of progression of papillomas into
carcinomas (Fig. 1E). These experiments
provide additional evidence that y3 cells
and a3 T cells make distinct contributions

Fig. 2. A cell surface A

. . PDV no slain
ligand for murine

MFI=1.56  ppy + beads
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to the regulation of tumor growth.

In all three regimens, yd cell deficiency
reduced resistance to cutaneous malignan-
cy. To determine whether the tumor cells
might express a functional equivalent of
human MICA/B that could act as a ligand
for NKG2d on 3 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 (1/6-18). 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-1¢ (Fig. 2B) (20—
22), a novel fifth sequence encoded by the
Rae-1 locus (Fig. 2C) (27). Rae-1 proteins
are glycosylphosphatidylinositol (GPI)-
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-1¢, we immobilized
Rae-1e-CD4(d3 +4) fusion protein on beads
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Rae-1 RT-PCR prod-
ucts detected by
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staining in agarose.
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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-l¢ 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 MICA/B and to the
recently described human ULBP proteins
that also bind NKG2d (Fig. 3D) (29).

To determine whether cutaneous
TCRy3* 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 (=80%) 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 TCRy3, ‘soluble recombinant
Rae-l¢, or an antiserum to NKG2d (34).
Each reagent significantly inhibited killing
(Fig. 4A). Moreover, the combination of
anti-TCRyd 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™ o
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Fig. 3. NKG2d is expressed on A B
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T cells is contingent on the engagement of
NKG2d and TCR (395).

To assess the general relevance of
NKG2d-dependent killing of PDV to the im-
mune surveillance of carcinomas, we exam-
ined the expression of Rae-1 by RT-PCR in
normal FVB skin, in skin treated with DMBA

and TPA, in papillomas, and in carcinomas
(11, 36). Normal skin showed negligible lev-
els of Rae-1, consistent with evidence that
Rae-1 is primarily expressed in embryonic
brain and limb buds (21). There was likewise
no evidence of H60 expression (Fig. 4B). By
contrast, Rae-1 and H60 expression were
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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 and/or H60 were
expressed in most freshly 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 yd 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 yd cells and af 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 yd cells. Here we have
shown that TCRy3* DETCs can kill squa-
mous carcinoma cells, contingent on the
expression of Rae-1 by these cells. Consis-
tent with the capacity of yd 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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NKG2d™* 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 yd cells may reflect the
intimate juxtaposition of DETC with kera-
tinocytes and/or the presence on keratino-
cytes of an as-yet-unidentified ligand for
the yd TCR. y8 T cells may perform similar
roles in the human gut, where NKG2d*
TCRv3* IELs are highly cytolytic (2), and
in human skin, where a distinct subset of y8
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, TCRyd* DETC can
down-regulate inflammation provoked by
systemic af T cells (39). Because a3 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 y&
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.
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