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Cln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

34. The soluble mouse T2Zb heavy chain and human P2M 
heterodimer complex was produced in E. coli and 

purified as described (6). The T2Zb preparation was 
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lyzed against 20 mM Hepes (pH 7.2) and 25 mM 
sodium chloride before crystallization. 
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Although y6 T cells are implicated in  regulating immune responses, y6 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 T I 0  molecules is shown t o  be activation- 
induced, and they confer specificity t o  about 0.4% of the y6 T cells in  normal 
mice. Thus, the increased expression of T22 and/or T I 0  might trigger immu- 
noregulatory y6 T cells during immune responses. Furthermore, the fast on- 
rates and slow off-rates that characterize this receptorlligand interaction would 
compensate for the low ligand stability and suggest a high threshold for y6 T 
cell activation. 

a p  and y6 T cells contribute differently to 
host immune defense. Mice deficient in y6 T 
cells generally exhibit more profound defects 
in the regulation of immune function than in 
the clearance of intracellular pathogens (I).  
However, neither the ligands nor a normal 
population of y6 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 y6 T cell clones KN6 
and G8 (2, 3). T10-P2-microglobulin (P2M) 
and T22-P,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 concanavalid 
(cod)-activated splenocytes stimulate G8 and 
KN6 better than resting cells ( 6 ) ,implying that 
activation of lymphocytes results in increased 
expression of TI0 andlor T22 on the cell sur- 
face. To monitor T10 and T22 expression and 
to understand its relationship to y6 T cells, we 
generated a monoclonal antibody (mAb), 7H9, 
specific for T10 and T22 (7). The 7HY mAb 
recognizes in vitro folded T10-P2M, T22-P,M 
proteins and stains TI0 and T22 transfected cell 
lines [CHO-T10 and T2-T22 (a)],but not cells 
transfected with the MHC class I molecule Ld 
or the MHC class I1 molecule I-Ek (Fig. 1A) 
(9). Both T10 and T22 are recognized equally 
by 7HY with a high affinity around 0.1 nM 
determined by surface plasmon resonance with 
immobilized 7H9 (9). 

In B1O.BR (H-2") mice in which the T22 
gene is nonfunctional (1 O), cell surface expres- 
sion of TI0 was only observed if splenic cells 
were activated by LPS or c o d .  k inc rease  in 
TI0 expression was also observed, after anti- 
genic stimulation, on a p  T cells from B1O.BR 
mice transgenic for the 5CC7 a p  T cell recep- 
tor (TCR), which is specific for the cytochrome 
c-I-E" (Fig. 1B). The induction of TlO 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 y6 T cells can recognize their ligands 
directly, without a requirement for antigen pro- 
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cessing and presentation, the induction of TlO 
and T22 on the cell surface of lymphocytes may 
provide a mechanism by which y6 T cells 
specific for T10 andlor T22 to regulate immune 
cells. 

If T10 and T22 are biologically important 
y6 T cell ligands, then the y6 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 I1 restricted a p  T cell pop- 
ulations (11, 13). We therefore used the T22 
protein to produce a tetrameric flow cytom- 
etry staining reagent (14). This reagent stains 
the G8 hybridoma but not cup T cell hybrid- 
omas or the y6 T cell LBK5 (specific for 
I-E") (9). Nearly all splenic y6 T cells in 
G8 y6 TCR transgenic mice were stained by 
the tetramer (Fig. 2A). Staining of aP T cells 
was not obsewed in either spleen or intestine 
(9, 15). 

In normal animals, approximately 0.3 to 
0.6% of splenic y6 T cells stained with the 
tetramer (Fig. 2C) (16). Greater than 90% of 
these cells are CD4CSC, while the rest are 
either CD4 or CD8 single positive (about 3 to 
4% each) (15). A similar frequency of tetramer- 
positive y6 T cells was also found in the intes- 
tinal intraepithelial lymphocyte (iIEL) popula- 
tion 19). Tetramer bindine- was abolished\ ,  

when cells were first incubated with mono- 
meric T22-P,M (Fig. 2D), further demon- 
strating the specificity of the tetramer-posi- 
tive cells for T22. Further, splenic y6 T cells 
from normal mice activated by plate-bound 
T22-P,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) (15). Taken together. 
these results demonstrate that a population of 
y6T cells in the spleen respond to T22 andlor 
TI0 and that they can be identified by the T22 
tetramer staining reagent. It should be noted 
that MICAIB, human inducible nonclassical 
MHC class I molecules, have been shown to 
trigger human y6 T cell lines. Subsequent 
experiments demonstrated that MICAIB are 
ligands for the activating natural killer cell 
receptor NKG2D and that the reactivity of y6 
T cell lines to MICAIB-expressing cells is 
inhibited by antibodies to NKG2D. It was 
proposed that MICAJB might also act as li- 
gands for the y6 TCR, because antibodies to 
the receptor also inhibited the reactivity ( 17, 
18).  A direct interaction between MICAIB 
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and the y 6  TCR, however, remains to be 
demonstrated. 

Kinetic measurements of a@TCR binding 
to peptide-MHC complexes have provided in- 
sight into the mechanisms of ap T cell activa- 
tion (19). To perform similar direct binding 
experiments, we produced a soluble G8 y 6  
TCR (20). Using surface plasmon resonance, 
binding curves were generated for surfaces pos- 

0.1 1 1'0 100 1000 
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0 1 1 10 100 1000 
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Fig. 1. (A) Monoclonal antibody 7H9 is specific 
for T10. CHO cells expressing T I 0  (bold line) or 
the MHC class I molecule Ld (solid line) were 
stained with biotinylated 7H9 and avidin-PE, cy- 
chrome anti TNP antibody (A19-3, Pharmingen) 
and propidium iodide (PI, 1 pglml in the final 
wash). Cells positive for A19-3 and PI 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 
T I 0  is increased on ap T cells following antigenic 
activation. The 5CC7 aP TCR transgenic spleno- 
cytes were cultured at 2 X lo6  cellslml for 68 
hours with (bold line) or without (solid line) 1 p M  
pigeon cytochrome c then assayed for T I 0  ex- 
pression by FACS. Cells were stained with anti- 
bodies against TIOlT22 (biotinylated 7H9, with 
avidin-PE secondary), TCR P 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 PTCRt cells. 
T I 0  up-regulation was demonstrated in at least 
three different experiments covering a range of 
time points. 

sessing different densities of G8 TCR (500- obtained for both T10 and T22 heterodimer 
2500RU) by titrating each with TlO-@,M or binding to G8. The dissociation rate for the 
T22-@,M (Fig. 4) (21). Similar results were interaction (k, = 8.1 i 2.3 X lop3 sp') is 

Fig. 2. The T22 tetramer stains nearly all y6  T 

cells in C8 y6 TCR transgenic mlce and den ti-

fies a population of y6  T cells in normal mice. 

Splenocytes from (A) C8 transgenic (H-Zd) and 

(B) BALBIc (H-Zdl mice were stained wlth a T22 

aid in-^^ cbnjuhted tetramer, and antibodies 

against TCR 6 chain (CL3, fluorescein coupled) 
 L 


and TNP (A19-3, cv-chrome couoled) as well as !? s
PI (76). te l ls  pos&ive for ~ 1 9 - ' 3  a i d  PI were 2 

excluded from analyses. Splenic y6  T cells were 5 C 

enriched by staining with a CL3-fluorescein 

isothiocyanate (FITC) conjugate and positively ; O  iselecting with anti-FITc MAcs beads (Miltenyi i 

B1O.BR were incubated for 4'5 min-with (C) 

~hos~hate-bufferedsaline or ID\ unlabeled 

8 0 , , 
T22-P,M monomer (76) prior t o  tetramer and y6 TCR 
antibody staining. The magnetic bead selection 
step does not alter the staining results. BIO.BR, BALBIc, C3H, and C57BL6 mice were tested and 
gave similar results (9). Data shown is representative of three independent experiments. 

Fig. 3. y6 T cells responding t o  

T22-P,M can be identified by 

the tetramer. Enriched popula- 

tions of splenic y6 T cells from 

BALBIc mice were obtained by 

depleting other major cell popu- 

lations by magnetic cell separa- 

t ion with antibodies t o  CD19 

(clone 1D3); ap TCR (H57-597); 

CR-1 (RB6-8C5); CDl Ib (M1/70), 

and F418O-antigen. The remain- 

ing cells were cultured for 6 kf?-Tr-r
Tetramer 
hours in Dulbecco's modified Ea- 

gle's medium with 10% fetal bo- 

vine serum in the presence of a 

plate-bound control antibody Tetramer -

I I 
Tetrarner+ 

1 

(anti-human CD20, 5 kglml)  or 

plate-bound T22-P,M (5 pglml). 

Cells were stained for nine-color 

FACS analysis (26) with the fol- 

lowing conjugates: CD69-FITC; 

T10-Tetramer-phycoerythrin (PE); 

CD4-Cy7PE; y6TCR-allophycocya- 

nin (APC), CD8-Cy7APC; CD62L- 

TexasRed; CD19-Cy5.5APC; and 

CD3 Cascade Blue. Top graph 

shows histogram plots of live 

CD3+ cells after gating for lym- 

~ h o c v t eforward and site scatter = 
r 3 

and exclusion of propidium io- 

dide. Frequencies of tetramer-

positive cells were determined as 

indicated on the plots. Compara- 

ble frequencies of tetramer-pos- 

itive y6T cells were found in cul- 

tures containing control anti-

body and T22-P,M (0.5% and 

0.6%). Tetramer positive and neg- 

ative CD3- cells from the two cul- 

tures were analyzed for expression 

of the activation markers CD69. 

Histogram overlays '0 '00 '000 0 1 1 10 '00 '000show a two- 
fold increase in the expression of c------CD62L-
the very early activation marker 
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 lo5events were collected and analyzed using FlowJo software 
(Treestar, San Carlos, CA). 
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slower than those observed for most ap TCR 
and MHC-peptide complex interactions. The 
association rate (ka = 6.53 ± 1.73 X 104 1/ms) 
is among the fastest reported for ap T cell 
receptor and ligand pairs (19). Consequently, 
compared to ap TCRs, the affinity of the G8 
interaction with T10 and T22 is rather high 
(ATD = 0.13 ± 0.05 fxM). Equilibrium bind­
ing studies produced results similar to the 
kinetic analysis (KD = 0.11 ± 0.07 fxM) 
(Web figure 1) (22). 

A high-affinity receptor is likely a charac­
teristic of the T22 responding 78 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 
78 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 
a(3 TCR-ligand interactions, which have Ku 

values in the 10~4 to 10~6 M range. Het-
erodimers of T10 or T22 with (32M are much 
less stable than classical MHC class I molecules 
complexed with an appropriate peptide (4). 
T10- and T22-reactive 78 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^1), is orders of 
magnitude smaller than the dissociation rates 
reported for most a(3 TCR-peptide-MHC inter­
actions (19). The only comparable value is that 
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Fig. 4. Affinity measurements of T22-p2M het-
erodimer and G8 78 T cell receptor. (A) The T22 
heterodimer, but not a soluble MCC-l-Ek 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 
|ud/min. The T22 analyte concentration ranges 
from 0.04 to 2.0 |ULM. 

of the ap TCR 2C-QL9/Ld complex (0.003 
s~1). 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 78 T cell re­
sponse to T10 or T22 molecules may be higher 
than that required to trigger ap T cells. A high 
threshold for activation may in part reflect a 
general mechanism by which 78 T cells avoid 
activation by self antigens under inappropriate 
circumstances. 

One of the perplexities of the proposed 
"cross talk" between ap and 78 T cells has 
been the apparent scarcity of 78 T cells relative 
to the much larger population of a(3 T cells. 
However, the frequency of T10- and T22-reac-
tive 78 T cells (approximately 0.4%) is consid­
erably higher than the one in 105 to 106 a (3 T 
cells recognizing any given peptide-MHC 
complex prior to immunization. Thus, the 
frequency of T10- and T22-specific 78 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. 

References and Notes 
1. S. H. Kaufmann, C. Blum, S. Yamamoto, Proc. Natl. 

Acad. Sci. U.S.A. 90, 9620 (1993); M. Emoto et ai, 
Infect Immun. 63, 3736 (1995); C McMenamin, M. 
McKersey, P. Kuhnlein, T. Hunig, P. G. Hol t , / Immunol. 
154,4390 (1995); S. H. Kaufmann, Proc. Natl. Acad. Sci. 
U.S.A. 93, 2272 (1996); S. J. Roberts et ai, Proc. Natl. 
Acad. Sci. U.S.A. 93, 11774 (1996); Y. Ke, K. Pearce, J. P. 
Lake, H. K. Ziegler, J. A. Kapp, / Immunol. 158, 3610 
(1997); W. Born et ai, Adv. Immunol. 71, 77 (1999). 

2. K. Ito et ai, Cell 62, 549 (1990). 
3. H. Schild et ai, Cell 76, 29 (1994). 
4. M. P. Crowley, Z. Reich, N. Mavaddat, J. D. Altman, Y. 

Chien, / Exp. Med. 185, 1223 (1997). 
5. C. Wingren, M. P. Crowley, M. Degano, Y. Chien, I. A. 

Wilson, Science 287, 310 (2000). 
6. B. A. Houlden et ai, Cold Spring Harbor Symp. Quant. 

Biol. 54, 45 (1989); D. Spaner, B. L Cohen, R. G. Miller, 
R. A. Phillips,/ Immunol. 155, 3866 (1995). 

7. Six-week-old Armenian hamsters were injected intra­
peritoneal^ with 50 |xg of E. coli produced, in vitro 
folded T10-h(32M heterodimer (4) in complete 
Freund's adjuvant followed at 2-week intervals by 
two boosts of 50 |xg heterodimer in incomplete 
Freund's adjuvant. Fusions were performed by a stan­
dard polyethylene glycol technique (24). Clones were 
screened by ELISA using purified T10-(32M protein 
and by flow cytometry with T10- and T22-trans-
fected cell lines (3, 8). Cells were stained with bio-
tinylated 7H9 and avidin-PE (Molecular Probes). An 
antibody to TNP coupled to Cy-chrome was used in 
all FACS experiments as an isotype control for ex­
cluding cells binding hamster antibody nonspecifi-
cally. Normal mouse and hamster serum and an 
unlabeled CD16/32 antibody (Fc block, Pharmingen) 
were used as blocking agents in all FACS stains. Cells 
were analyzed on a Becton-Dickinson FACS apparatus 
(Stanford University FACS facility). 

8. B. C. Weintraub, M. R. Jackson, S. M. Hedrick, J. Im­
munol. 153, 3051 (1994). 

9. M. P. Crowley and Y. Chien, unpublished data. 
10. N. Mavaddat, thesis, University of Western Australia, 

Nedlands, Australia (1995). 
11.1. Gutgemann, A. M. Fahrer, J. D. Altman, M. M. Davis, 

Y Chien, Immunity 8, 667 (1998). 
12. I. Gutgemann, A. M. Fahrer, M. P. Crowley, Y. Chien, 

unpublished data. 
13. J. D. Altman et ai, Science 274, 94 (1996); G. S. Ogg 

and A. J. McMichael, Curr. Opin. Immunol. 10, 393 
(1998). 

14. The gene encoding T22 was amplified by PCR from 
C57BL6 cDNA using the primers GGAATTCCCATAT-
GGGTTCACACTCGCTTAGG and TGAATGGATCCCC 
ATCTCAGGATGAGG and ligated to the BirA sub­
strate peptide (BSP) sequence in pET24a + (73). The 
T22/BSP heavy chain was expressed in E. coli 
BL21(DE3)plysS (Novagen). Folding and purification 
of T22-hp2M was performed identically to that of 
T10-h£2M (4). A T22 heterodimer with human £2M 
was chosen because of its higher thermal stability (4). 
Biotinylation and tetramerization of heterodimer was 
performed as described by Altman et ai (73). 

15. N. Baumgarth and Y. Chien, unpublished data. 
16. 78 T cells from G8 transgenic mice (BALB/c back­

ground) stain along a diagonal with the pan-78 an­
tibody GL3, indicating that cells with higher T cell 
receptor levels are also brighter for tetramer staining. 
We incubated 4 to 6 |xg/ml of T22 tetramer with 
cells for 45 min on ice. Blocking of T22 tetramer 
staining with T22 monomer was performed at 100 to 
200 |xg/ml of unlabeled monomer protein, preincu-
bated with cells for 45 min and present during tet­
ramer incubation. 

17. V. Groh, A. Steinle, S. Bauer, T. Spies, Science 279, 
1737 (1998). 

18. S. Bauer et ai, Science 285, 727 (1999); J. Wu et ai, 
Science 285, 730 (1999). 

19. M. M. Davis et ai, Annu. Rev. Immunol. 16, 523 
(1998). 

20. Soluble G8 78 TCR was produced in a Drosophila 
melanogaster cell expression system, using 7 and 8 
TCR chain constructs to which the leucine zipper acid 
and base peptide segments were added following the 
COOH-terminal interchain disulfide bond [25). Puri­
fication was carried out by a succession of nickel-
agarose, anion-exchange (MonoQ, Pharmacia), and 
gel filtration chromatography (Superdex 200, Phar­
macia). Each step was monitored by SDS-PAGE. 

21. The G8 TCR protein was immobilized by amine cou­
pling, and size-purified T10-p2M and T22-p2M het-
erodimers were used as analytes in surface plasmon 
resonance analysis. The G8 TCR protein binds T22-(32M 
protein but not soluble MCC88-103-l-Ek (Fig. 4A). The 
T10 and T22 proteins also do not interact with a null 
surface or with soluble 2B4 a(3 TCR (specific for 
MCC88-103-l-Ek), immobilized identically on a sensor-
chip (9). Association and dissociation constants for T10 
and T22 binding to immobilized G8 TCR were calculat­
ed simultaneously using BIAevaluation 3.0 software, 
fitting to a simple 1:1 Langmuir model. 

22. Scatchard analysis of specific binding of T22-(32M to 
immobilized G8 TCR (after subtracting nonspecific 
association of T22 to an immobilized 2B4 a(3 TCR 
surface). The flow rate was 5 |xl/min. All data shown are 
representative of at least three independent experi­
ments. Web figure 1 can be found at Science Online 
at www.sciencemag.org/feature/data/1043813.shl 

23. Y. Sukulev, M. Joo, I. Viturina, T. J. Tsomides, H. N. 
Eisen, Immunity 4, 565 (1996). 

24. T. J. McKearn, A. Weiss, F. P. Stuart, F. W. Fitch, 
Transplant. Proc. 11, 932 (1979). 

25. C. A. Scott, K. C. Garcia, F. R. Carbone, I. A. Wilson, L 
Tey ton , / Exp. Med. 183, 2087 (1996). 

26. M. Bigos et ai, Cytometry 36, 36 (1999). 
27. We thank M. Davis for critically reading the manu­

script and R. Stefanko and G. Jager for technical 
assistance. Supported by NIH grants AI33431 (Y.C.) 
and AI42267 (L.T.), NSF (M.P.C.), NIH grant AI34762-
34 (to N.B. through L A. Herzenberg, Stanford Uni­
versity), and the Katharine McCormick Foundation 
(A.M.F.). 

21 July 1999; accepted 15 November 1999 

316 14 JANUARY 2000 VOL 287 SCIENCE www.sciencemag.org 

http://www.sciencemag.org/feature/data/1043813.shl
http://www.sciencemag.org

