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[B. W. Matthews, J. Mol. Biol. 33, 491 (1968)]; and (xxi)
DM [K. Cowtan and P. Main, Acta Crystallogr. Sect. D
54, 487 (1998)].

33. Single-letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

34. The soluble mouse T22 heavy chain and human 3,M
heterodimer complex was produced in E. coli and
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purified as described (6). The T22® preparation was
then concentrated to 13 mg/ml and extensively dia-
lyzed against 20 mM Hepes (pH 7.2) and 25 mM
sodium chloride before crystallization.

35. M. P. Crowley and Y. Chien, data not shown.

36. We thank ). Speir for critical reading of the manuscript
and helpful discussions; R. Stanfield, S. Greasley, and A.
Heine for help with data collection and data processing;
and the staff of SSRL beamline 9-1. This study was
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Although v8 T cells are implicated in regulating immune responses, vy T
cell-ligand pairs that could mediate such regulatory functions have not been
identified. Here, the expression of the major histocompatibility complex (MHC)
class Ib T22 and the closely related T10 molecules is shown to be activation-
induced, and they confer specificity to about 0.4% of the yd T cells in normal
mice. Thus, the increased expression of T22 and/or T10 might trigger immu-
noregulatory 8 T cells during immune responses. Furthermore, the fast on-
rates and slow off-rates that characterize this receptor/ligand interaction would
compensate for the low ligand stability and suggest a high threshold for v& T

cell activation.

afy and yd T cells contribute differently to
host immune defense. Mice deficient in yd T
cells generally exhibit more profound defects
in the regulation of immune function than in
the clearance of intracellular pathogens (/).
However, neither the ligands nor a normal
population of y& T cells responsible for me-
diating such immunoregulatory functions
have been identified in any of the systems
studied.

The closely related nonclassical MHC class
I molecules T10 and T22 (94% amino acid
identity) have been identified as ligands for two
independently isolated y8 T cell clones KN6
and G8 (2, 3). T10-B,-microglobulin (3,M)
and T22-3,M heterodimers do not bind peptide
and adopt a structure distinct from that of clas-
sical MHC molecules (4, 5). Both heterodimers
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are recognized directly by G8, without a re-
quirement for other component (3, 4). Lipo-
polysaccharide (LPS)— or concanavalinA
(conA)—activated splenocytes stimulate G8 and
KNG6 better than resting cells (6), implying that
activation of lymphocytes results in increased
expression of T10 and/or T22 on the cell sur-
face. To monitor T10 and T22 expression and
to understand its relationship to yd T cells, we
generated a monoclonal antibody (mAb), 7H9,
specific for T10 and T22 (7). The 7H9 mAb
recognizes in vitro folded T10-8,M, T22-3,M
proteins and stains T10 and T22 transfected cell
lines [CHO-T10 and T2-T22 (8)], but not cells
transfected with the MHC class I molecule L¢
or the MHC class II molecule I-E* (Fig. 1A)
(9). Both T10 and T22 are recognized equally
by 7H9 with a high affinity around 0.1 nM
determined by surface plasmon resonance with
immobilized 7H9 (9).

In B10.BR (H-2¥) mice in which the T22
gene is nonfunctional (10), cell surface expres-
sion of T10 was only observed if splenic cells
were activated by LPS or conA. An increase in
T10 expression was also observed, after anti-
genic stimulation, on a8 T cells from B10.BR
mice transgenic for the SCC7 afy T cell recep-
tor (TCR), which is specific for the cytochrome
c-I-E¥ (Fig. 1B). The induction of T10 or T22
on splenocytes, including B cells and cells other
than B and T cells, has also been observed in a
peripheral tolerance induction model (11, 12).
Because yd T cells can recognize their ligands
directly, without a requirement for antigen pro-
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cessing and presentation, the induction of T10
and T22 on the cell surface of lymphocytes may
provide a mechanism by which yd T cells
specific for T10 and/or T22 to regulate immune
cells.

If T10 and T22 are biologically important
v T cell ligands, then the yd T cells specific
for these molecules should be detectable in
unimmunized mice. Tetrameric peptide-MHC
reagents have been used to track both MHC
class I and class II restricted a3 T cell pop-
ulations (71, 13). We therefore used the T22
protein to produce a tetrameric flow cytom-
etry staining reagent (/4). This reagent stains
the G8 hybridoma but not a3 T cell hybrid-
omas or the yd T cell LBKS (specific for
I-E¥) (9). Nearly all splenic y& T cells in
G8 yd TCR transgenic mice were stained by
the tetramer (Fig. 2A). Staining of a8 T cells
was not observed in either spleen or intestine
9, 15).

In normal animals, approximately 0.3 to
0.6% of splenic vd T cells stained with the
tetramer (Fig. 2C) (16). Greater than 90% of
these cells are CD4~ 8, while the rest are
either CD4 or CD8 single positive (about 3 to
4% each) (15). A similar frequency of tetramer-
positive yd T cells was also found in the intes-
tinal intraepithelial lymphocyte (il[EL) popula-
tion (9). Tetramer binding was abolished
when cells were first incubated with mono-
meric T22-B,M (Fig. 2D), further demon-
strating the specificity of the tetramer-posi-
tive cells for T22. Further, splenic yd T cells
from normal mice activated by plate-bound
T22-B,M complex, or by Chinese hamster
ovary (CHO) cells expressing T10, showed
an induced activated phenotype on tetramer-
positive, but not on the tetramer-negative cell
populations (Fig. 3) (/5). Taken together,
these results demonstrate that a population of
vd T cells in the spleen respond to T22 and/or
T10 and that they can be identified by the T22
tetramer staining reagent. It should be noted
that MICA/B, human inducible nonclassical
MHC class I molecules, have been shown to
trigger human yd T cell lines. Subsequent
experiments demonstrated that MICA/B are
ligands for the activating natural killer cell
receptor NKG2D and that the reactivity of yd
T cell lines to MICA/B-expressing cells is
inhibited by antibodies to NKG2D. It was
proposed that MICA/B might also act as li-
gands for the yd TCR, because antibodies to
the receptor also inhibited the reactivity (17,
18). A direct interaction between MICA/B
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and the y8 TCR, however, remains to be
demonstrated.

Kinetic measurements of a3 TCR binding
to peptide-MHC complexes have provided in-
sight into the mechanisms of a3 T cell activa-
tion (/9). To perform similar direct binding
experiments, we produced a soluble G8 vyd
TCR (20). Using surface plasmon resonance,
binding curves were generated for surfaces pos-
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Fig. 1. (A) Monoclonal antibody 7H9 is specific
for T10. CHO cells expressing T10 (bold line) or
the MHC class | molecule L9 (solid line) were
stained with biotinylated 7H9 and avidin-PE, cy-
chrome anti TNP antibody (A19-3, Pharmingen)
and propidium iodide (PI, 1 pg/ml in the final
wash). Cells positive for A19-3 and Pl were ex-
cluded from the analyses. The dotted line repre-
sents background staining of both CHO cell trans-
fectants with the avidin-PE secondary reagent
only. Data shown are representative of at least
three independent experiments. (B) Expression of
T10 is increased on af3 T cells following antigenic
activation. The 5CC7 a3 TCR transgenic spleno-
cytes were cultured at 2 X 10° cells/ml for 68
hours with (bold line) or without (solid line) 1 pM
pigeon cytochrome c then assayed for T10 ex-
pression by FACS. Cells were stained with anti-
bodies against T10/T22 (biotinylated 7H9, with
avidin-PE secondary), TCR @ chain (H57, fluores-
cein coupled, Pharmingen), and TNP (A19-3, cy-
chrome coupled) as well as PI. Cells positive for
A19-3 and PI are excluded from analyses. The
dotted line represents background staining of
PCC-activated spleen cells with avidin-PE second-
ary alone. Bold lines are pregated for BTCR™ cells.
T10 up-regulation was demonstrated in at least
three different experiments covering a range of
time points.
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sessing different densities of G8 TCR (500-
2500RU) by titrating each with T10-B,M or
T22-B,M (Fig. 4) (21). Similar results were

Fig. 2. The T22 tetramer stains nearly all y3 T
cells in G8 yd TCR transgenic mice and identi-
fies a population of y3 T cells in normal mice.
Splenocytes from (A) G8 transgenic (H-2¢) and
(B) BALB/c (H-29) mice were stained with a T22
avidin-PE conjugated tetramer, and antibodies
against TCR  chain (GL3, fluorescein coupled)
and TNP (A19-3, cy-chrome coupled) as well as
Pl (76). Cells positive for A19-3 and Pl were
excluded from analyses. Splenic y3 T cells were
enriched by staining with a GL3—fluorescein
isothiocyanate (FITC) conjugate and positively
selecting with anti-FITC MACS beads (Miltenyi
Biotec). Typical enrichments are by 20- to 50-
fold. The ¥8 T cell-enriched splenocytes from
B10.BR were incubated for 45 min with (C)
phosphate-buffered saline or (D) unlabeled
T22-B,M monomer (76) prior to tetramer and
antibody staining. The magnetic bead selection

obtained for both T10 and T22 heterodimer
binding to G8. The dissociation rate for the
interaction (k; = 8.1 = 2.3 X 1073 s7 1) is

Tetramer

v6 TCR

step does not alter the staining results. B10.BR, BALB/c, C3H, and C57BL6 mice were tested and
gave similar results (9). Data shown is representative of three independent experiments.

Fig. 3. yd T cells responding to
T22-B,M can be identified by
the tetramer. Enriched popula-
tions of splenic y3 T cells from
BALB/c mice were obtained by
depleting other major cell popu-
lations by magnetic cell separa-
tion with antibodies to CD19
(clone 1D3); a3 TCR (H57-597);
GR-1 (RB6-8C5); CD11b (M1/70),
and F4/80-antigen. The remain-
ing cells were cultured for 6
hours in Dulbecco’s modified Ea-
gle’s medium with 10% fetal bo-
vine serum in the presence of a

plate-bound control antibody
(anti-human CD20, 5 pg/ml) or
plate-bound T22-B,M (5 pg/ml).
Cells were stained for nine-color
FACS analysis (26) with the fol- .
lowing conjugates: CD69-FITC;
T10-Tetramer-phycoerythrin (PE);
CD4-Cy7PE; y3TCR-allophycocya-
nin (APC), CD8-Cy7APC; CD62L-
TexasRed; CD19-Cy5.5APC; and
CD3 Cascade Blue. Top graph
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shows histogram plots of live
CD3* cells after gating for lym-
phocyte forward and site scatter
and exclusion of propidium io-
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dide. Frequencies of tetramer-
positive cells were determined as
indicated on the plots. Compara-
ble frequencies of tetramer-pos-
itive y3T cells were found in cul-
tures containing control anti- ]
body and T22-B,M (0.5% and
0.6%). Tetramer positive and neg-

relative cell number

<
<%

ative CD3™ cells from the two cul- P/

tures were analyzed for expression

\Y

of the activation markers CD69.
Histogram overlays show a two-
fold increase in the expression of
the very early activation marker
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CD69 (MFI 0.5 and 1.2) of tetramer-expressing cells, but not of tetramer nonexpressing cells (MFI 0.4
and 0.4) after stimulation. At this time point, about 50% of the tetramer-positive cells showed
decreased CD62L expression. At least 5 X 10° events were collected and analyzed using FlowJo software

(Treestar, San Carlos, CA).
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slower than those observed for most a3 TCR
and MHC-peptide complex interactions. The
association rate (k, = 6.53 * 1.73 X 10* 1/ms)
is among the fastest reported for af T cell
receptor and ligand pairs (/9). Consequently,
compared to a3 TCRs, the affinity of the G8
interaction with T10 and T22 is rather high
(K, = 0.13 = 0.05 wM). Equilibrium bind-
ing studies produced results similar to the
kinetic analysis (K, = 0.11 = 0.07 uM)
(Web figure 1) (22).

A high-affinity receptor is likely a charac-
teristic of the T22 responding yd T cell popu-
lation in general, not a feature restricted to this
specific receptor and ligand pair. Despite the
heterogeneity in ligand affinities among normal
vd T cells specific for T10/T22, as inferred
from the tetramer staining, the T22 tetramer
stain can be effectively competed off with mo-
nomeric T22, thus suggesting that this receptor-
ligand interaction is of higher affinity than most
of3 TCR-ligand interactions, which have K
values in the 107* to 107° M range. Het-
erodimers of T10 or T22 with B,M are much
less stable than classical MHC class I molecules
complexed with an appropriate peptide (4).
T10- and T22-reactive yd T cells may therefore
require TCRs with unusually high on-rates in
order to “catch” these ligands, which are only
transiently expressed at the cell surface.

The dissociation rate of the G8 TCR-T10 or
TCR-T22 complex (0.008 s~ '), is orders of
magnitude smaller than the dissociation rates
reported for most a3 TCR-peptide-MHC inter-
actions (/9). The only comparable value is that

L L L L
0 100 200 300 400

500 600
Time (seconds)
200 T T T T T
150
2 100
50
0

260 360 460 560

Time (seconds)
Fig. 4. Affinity measurements of T22-B,M het-
erodimer and G8 3 T cell receptor. (A) The T22
heterodimer, but not a soluble MCC—I-EX mol-
ecule, binds specifically to immobilized G8 TCR.
(B) Binding curve profiles for a kinetic analysis
of T22 association with and dissociation from
immobilized G8 TCR. The flow rate was 25
pl/min. The T22 analyte concentration ranges
from 0.04 to 2.0 pM.

L
0 100 600
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of the ap TCR 2C-QLY/L¢ complex (0.003
s~ ). However, to reach the half-maximal value
for cytolysis by 2C T cells requires fewer than
five MHC-peptide complexes per target cell
(23). In comparison, more than a hundred T10-
T22 complexes are required to stimulate G8 to
a half-maximal value (3, 4). These observations
suggest that the avidity of the TCR and ligand
interaction required to trigger a yd T cell re-
sponse to T10 or T22 molecules may be higher
than that required to trigger a3 T cells. A high
threshold for activation may in part reflect a
general mechanism by which yd T cells avoid
activation by self antigens under inappropriate
circumstances.

One of the perplexities of the proposed
“cross talk” between af and yd T cells has
been the apparent scarcity of vy T cells relative
to the much larger population of aff T cells.
However, the frequency of T10- and T22-reac-
tive yd T cells (approximately 0.4%) is consid-
erably higher than the one in 10° to 10° a8 T
cells recognizing any given peptide-MHC
complex prior to immunization. Thus, the
frequency of T10- and T22-specific yd T
cells in normal mice is consistent with a
regulatory function for these cells. Although
the existence of specific regulatory T cells
has been postulated for many years, their
precise nature and particularly the identity of
the molecules that guide their activities have
proven elusive. The system we describe here
has many of the salient features expected for
such regulatory cells.
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