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The thymus leukemia antigen (TL) is a nonclassical class I molecule, expressed 
abundantly on intestinal epithelial cells. We show that,  in contrast t o  other 
major histocompatibility complex (MHC) class I molecules that bind CD8aP, TL 
preferentially binds the  homotypic form of CD8a (CD8aa).  Thus, TL te t -  
ramers react specifically t o  CD8aa-expressing cells, including most intes- 
tinal intraepithelial lymphocytes. Compared with CD8aP, which recognizes 
the  same MHC as  the  T cell receptor (TCR) and thus acts as  a TCR coreceptor, 
high-affinity binding of CD8aa t o  TL modifies responses mediated by TCR 
recognition of antigen presented by distinct MHC molecules. These findings 
define a novel mechanism of lymphocyte regulation through CD8aa and 
MHC class I. 

Several nonclassical class I molecules are en- 
coded in the Tregion of the mouse MHC. These 
proteins are antigens and are named after the 
thymus leukemia antigen (TL) encoded by the 
T3/T18 gene pair (I). It is striking that TL 
displays nearly exclusive expression on epithe- 
lial cells of the small intestine (2). The expres- 
sion by intestinal epithelial cells has led to the 
hypothesis that TL could be recognized by 
TCRs expressed on intraepithelial lymphocytes 
(IELs) (3). IELs are an enigmatic subset of 
predominantly CD8+ T lymphocytes, which re- 
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side among epithelial cells. The unique location 
of these cells suggests that they may function in 
host defense, surveillance for damaged epitheli- 
um, or immune regulation. 

To identify T cells that might interact with 
TL, we generated TL tetramers using a baculo- 
virus expression system (4). As shown in Fig. 
lA, TL tetramers stained the majority of IELs, 
but not splenocytes, and only a small minority 
of thymocytes. Tetramer binding was indepen- 
dent of TCR specificity, and it bound TCRaP 
and TCRyG cells equally well (5). Thus, expres- 
sion of the TL recevtor bv IELs was distinct 
from the TCR. The staining of IELs with insect 
cell-derived TL indicates that tetramer binding 
was also independent of peptide loading to TL, 
consistent with previous evidence that TL does 
not bind peptides (6) .  

The a 3  domain of TL conserves the CD8a- 
binding motif defined for class I molecules (7). 
In light of the specific binding to IELs, which 
express the homodimeric form of CD8, CD8aa, 
we reasoned that TL tetramers might bind this 
invariant molecule. Consistent with thls, IELs 
from C D 8 a '  mice showed an almost complete 
absence of staining with the TL tetramer, where- 
as no reduction was observed on IELs from 
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C D 8 P '  mice (Fig. 1A). Similarly, thymocytes 
from C D 8 P '  mice, which in the absence of 
CD8P express CD8aa homodimers, showed 
elevated TL tetramer binding, as did the few 
remaining CD8+ splenocytes (Fig. 1A). Collec- 
tively, these data suggest that CD8aa, but not 
CD8aP, forms a specific receptor for the TL 

tetramer. TCR-deficient ~ ~ 5 1 4 7  The C D ~ - C D ~ - ,  
thymoma did not stain with TL tetramers unless 
first transfected with CD8a (Fig. lB), provid- 
ing fwther evidence that tetramer binding is 
not TCR-dependent or IEL-specific. Similarly, 
transfectants of the T cell hybridoma BI-141 
expressing CD8a alone reacted with the TL 
tetramer, whereas cells expressing CD4 did not 
(Fig. 1C). An antibody against TL (Fig. lB), as 
well as an antibody against CD8a (Fig. lC), 
could dub i t  tetramer binding. Unlike CD8aP- 
splenocytes, the TL tetramer bound the 
CD8ap+ transfectants too (Fig. 1C). However, 
multistep reciprocal irnmunoprecipitations ( 8 )  
revealed that large numbers of CD8aa mole- 
cules were coexpressed with CD8aP (Fig. 1D) 
and suggest that CD8aa might also be coex- 
pressed on the TL tetramer binding CD8apt 
IELs (5). 

To confirm the specific interaction of TL 
with CD8aa, direct binding studies were per- 
formed by surface plasmon resonance (9). TL 
monomer binding to CD8aa immobilized on a 
biosensor chip (10) exhibited fast association 
and disassociation rates, with an equilibriurn- 
binding constant (K,) of 12 FM (Fig. 2A). By 
contrast, saturation of TL binding with CD8aP 
could not be reached at the highest concentra- 
tion of TL (Fig. 2B). Consequently, an accurate 
K, value could not be determined, although 
scatchard analysis indicated a value of at least 
90 ILM (11). The class I molecule Kb did not 
show such a propensity and, in agreement with 
previous results, (10) bound with comparable 
affinity to CD8aa and CD8ap (Fig. 2). These 
data directly demonstrated a preferential and 
relatively high affinity binding of TL to CD8aa. 

We used a CD8a-deficient T cell hybridoma 
specific for SIINFEKLM-2Kb (12), and a 
CD8a-transfected variant, to examine the ef- 
fects of CD8aa-TL binding on TCR-mediated 
responses (13). OVA peptide-loaded RMA-H 
(TL-) thymoma cells, or TL-transfected vari- 
ants, were used to stimulate the T cells. Upon 
antigen activation by CD8aa-expressing target 
cells, TL' stimulator cells showed a significant- 
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CDBa b Fig. 1. CD8aa is a receptor for TL tetramer. 
c CDW CD4+ (A) Flow-cytometty analysis of cells with 

mm streptavidin tricolor (TC)-labeled TL tet-
ramer together with phycoerythrin (PE)-
coupled CD8a antibody 53-6.7. Represen-
tative data from the analysis of wild-type 

TL tetrarner t C57BU6, CD8P-/-, and CD~IX-I-mice. (B) 
TL tetramer binds to  CD8aa in the absence 

of a TCR. The solid histograms show the results from flow-cytometty analysis of TC-labeled TL 
tetramer staining of TCR-deficient parent cell line BW 5147 (left) and the CD8a-transfected 
variant, BW5147/CD8a+ (right). Blocking of the TL tetramer staining with an TL-specific mAb is 
shown (open histogram). (C)TL tetramer binding (solid) can be blockedwith CD8a mAb (open), as 
described (4).81-141 T cell hybridoma cells transfected with CD~IX,both CD8a and CD8P. or CD4 
(28)were analyzed. (D) Tetramer binding CD8aP' cells coexpress CD8acu. SDS-polyacrylamide gel 
electrophoresis (SDS-PACE) analysis of CD8ap transfectants of BI-141 that were surface-
labeled with lZ5l.Cells were sequentially immunoprecipitated (8) with CD8a mAb (top row, 
lanes 1 to  S), followed by CD8P immunoprecipitation (lane 7). Lane 6 is empty. Sequential 
CD8P immunoprecipitations (bottom row, lanes 1 to  5) were followed CD8a immunoprecipi-
ta t~on(lane 7). Representative data in (A) t o  (0) are shown from one of several experiments 
in every case. 
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l y  enhanced interleukin 2 (IL-2) release (Fig. 
3A), which could be blocked by TL-specific 
antibody (Fig. 3A). The TLmediated increase 
incytokine release was further confirmed using 
IELs from TCR transgenic mice (13). As ex-
pected from previous results, the majority o f  
OVA-specific OT-1 TCR+ IELs (14) boundthe 
TL tetramer (3,although this was not the case 
for the CD8+ splenocytes from the same ani-
mals (II).Transgenic T cells were cultured with 
O V A  peptide-loaded stimulator cells, or TL-
transfected variants (13). Similarly to the 
CD8aa-expressing hybridomas, the presence o f  
T L  enhanced antigen-induced IL-2 production 
by the tetramer-binding IELs (Fig. 3B). Further-
more, increasedinterferon-y (IFN-y)production 
was observed by intracellular cytokine staining 
o f  these antigen-stimulated IELs as well (Fig. 
3B), and confirmed by enzyme-linked immu-
nosorbent assay (ELISA) (11). 

Because TCR transgenic IELs might not 
be entirely representative o f  wild-type IELs, 
we also analyzed polyclonally activated cells 
from normal mice. Consistent with results 
seen with the antigen-stimulated TCR trans-
genic IELs, CD3 stimulated CD8+ normal 
IELs also showed increased IL-2 and IFN-y 
release in the presence o f  T L  (Fig. 3C). I t  is 
noteworthy that TL included as tetramers 
(Fig. 3D) or expressedon bystander cells (11) 

-50 O {  , , .!0 ' 10 ' 20 ' 3 b " ' i o  i ' h  46' A' 9 k 8 i 2 0  
Time (s) TL concentration (pM) 

Time (s) H ~ - K ~concentration (pM) 

Fig. 2. Surface plasmon resonance measurements of TL and H-2Kb 
binding to  CD8. (A) TL binding to  immobilized CD8aa (TL+CD8aa). 
Binding sensograms are on the left and a plot of equilibrium binding as 
a function of TL concentration is shown on the right. I, injection, D, 
dissociation phase. Binding of between 0.6 and 120 yM TL t o  1500 RU 
of immobilized CD8aa was analyzed. (B) TL binding to  immobilized 
CD8aP (TL+CD8aP). Bindingof between 4 and 120 yM TL to  1700 RU 

Time (s) H 2 - p  concentration(pM) 

of immobilized CD8aP. (C) H-2Kb+ CD8aa. H - ~ K ~heavy chain and 
P2m were refolded with OVA peptide SllNFEKL by standard methods 
(29). Between 8.4 and 280 yM soluble H-2Kb peptide monomers were 
passed over a CD8a-coupled chip, and the binding was analyzed as 
described for TL (D) Kb+ CD8aP. Binding of soluble H - ~ K ~to  a 
CD8aP-coupled chip was as described above. Each measurement is 
representative data from one of at least two independent experiments. 
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Fig. 3. The TL-CD8aa 
interaction enhances A wUCDBQc 100 

cytokine production. 
(A) OVA-specific 832 = 75 75 

hybridoma parent cells E 
1 (27), or transfectants - 50 

expressing CD8a (27). 
were cultured with 5 
SllNFEKL peptide load- 25 25 
ed (+OVAp) or un- 
loaded (-) RMA-H o o 
thymoma cells as RMA-H RMA-HTTL 

stimulators, or TL- 
transfected RMA-H B 

Control 
I +OVAP 

+OVA 
+ a - ~ e  

RMA-H RMA-HTTL 

(RMA-HITL) cells. For 
blocking, 10 pg per so 

200 

well of TL-specific an- : 5 150 

tibody was added 
(+OVAp +a-TL). The loo 

amounts of IL-2 were 2 10 SO 

measured by ELlSA RMA-WL 

from the superna- o o 
tants after 24 hours. RMA-s RMA-SITL IL-2 lFNr - lFNy - 
The data are repre- 
sentative of one of 
three independent experiments. (B) CD8+ l E L s  (lo5 per well) purified with P815 or TL transfectants of these cells (P815lTL) loaded with 
from OT-I TCR transgenic mice (14) were incubated with 10 irradi- CD~E-specific antibody. The amounts of IFN-y and IL-2 were mea- 
ated and peptide loaded (+OVAp) or unloaded (-) RMA-S or RMA- sured by ELlSA after 24 hours in the presence (+a-CD3) or absence 
SITL stimulator cells. Amounts of IL-2 were measured by ELlSA from (-) of TCR-specific antibody. The ban represent results from one of two 
the supernatants after 72 hours. The bars are the average of two independent experiments. (D) CD8P+ lELs from C57BU6 mice were purified 
independent experiments. Amounts of intracellular IFN-y on OT-I as described (14) and cultured in plates coated with 1 pglml purified 
TCRf l E L s  that were purified by magnetic beads with CD8a were CDB-specific antibody. TL or CDld tetramers were added at 10 pg per well 
measured after 20 hours in vitro stimulation. The data represent one per day. The amounts of IFN-y and IL-2 were measured by ELlSA after 72 
of two independent experiments. (C) Purified lELs were incubated hours culture. The data represent one of two independent experiments. 

Fig. 4. The TL-CD8aa in- 
teraction does not enhance A 
other T cell functions. (A) 
Proliferation. Purified 
CD8+ lELs (90 to 95% J CD8 aa IEL spleen 

I ~urel from monoclonal es 1 
OT-i TCR transgenic mice 
were CFSE-labeled and in- 
cubated as described (73) 
with either SllNFEKL pep- 
tide-loaded stimulator 
cells (+OVAp), or cells 
without peptide (-). Prolif- CFSE E:T Ratio 

eration was monitored 3 
days later by flow-cytometry analysis, gating on the CD&+ OT-I+ (VP5+) cells. Data are from one 
representative experiment of three. (B) Cytotoxicity. CD8aaf lELs of H-Y TCR transgenic RAG 2-I- male 
mice sorted by flow cytometry, and freshly isolated splenocytes were used in a 51Cr-release assay (13), 
with H-Y peptide loaded RMA-S or RMA-SITL as target cells. Shown is the H-Y antigen-specific lysis 
only; the data are representative of three experiments. 

did not enhance cytokine production, indicat- 
ing that the CD8aa-mediated modulation of 
the TCR response occurs only when the stim- 
ulator cell expresses both TL and the MHC- 
peptide complex recognized by that TCR. 

After OT-1 IELs and splenocytes were both 
labeled with 5-carboxy fluorescein diacetate 
succinimidyl ester (CFSE), they were stimulated 
in vitro and monitored for their proliferation 
(13). TL expression did not increase the prolif- 
eration of OVA-stimulated IELs, and in fact, the 
proliferation rate was consistently decreased 
(Fig. 4A). These data indicate that the elevated 
cytokine production in the presence of TL was 
not due to increased expansion of the effector 
population. Next, sorted CD8aa+ IELs from 

male H-Y TCR transgenic mice (15) were used 
to test the cytotoxic potential of IELs in the 
presence of TL (13). Although surface amounts 
of Db were equivalent on peptide-loaded RMA- 
SiTL or RMA-S cells (9, specific killing by the 
CD8aa+ transgenic IELs of the TL coexpress- 
ing target cells was less efficient (Fig. 4B). As 
expected, unprimed CD8ap+ splenocytes 
showed little cytotoxicity, and this was not af- 
fected by TL (Fig. 4B). 

CD8aP acts as a TCR coreceptor by binding 
simultaneously to the same MHC molecule as 
the TCR, thereby participating in the TCR com- 
plex. By contrast, CD8aa displays poor core- 
ceptor function (16). In a number of a p  TCR 
transgenic systems where the TCR is specific 

H Control 

ta-CD3 

+a-CD3 
+CDltet 

H +a-CD3 
+TLtet 

for class I or class I1 molecules, CD8aa+- 
expressing T cells are generated, and this has 
been associated with the presence of agonistic 
self-peptides (15, 17, 18). These data suggest 
that the expression of CD8aa might be corre- 
lated with activation, rather than class I speci- 
ficity of the TCR. Consistent with this, ELs  that 
express superantigen-autoreactive VPs are 
present among the CD8aa+ population (19). 
Furthermore, conventional CD4+ T cells ac- 
quire CD8aa upon migration to the intestine 
(20), particularly upon chronic activation, as in 
colitis models (21). Collectively, these data sug- 
gest that CD8aa expression can be induced or 
selected for in the intestine regardless of TCR 
specificity. 

These findings allow a reevaluation of hy- 
potheses concerning the role of CDSaa, and 
they suggest that the effects of CD8aa expres- 
sion on IELs are due to its interaction with TL. 
In vivo, the promotion of IELs cytokine release 
after TCR activation, rather than proliferation or 
cytotoxicity, may allow adaptation to residence 
in the single layer of epithelial cells. In this 
environment, space for clonal expansion is lack- 
ing, and excessive tissue destruction by IELs 
could have detrimental effects on the barrier 
function of the epithelium. Therefore, we sug- 
gest that the interaction of TL with CD8aa on 
IELs could have important regulatory effects 
that influence homeostasis, activation, and sur- 
vival of IELs under the high antigen load of the 
intestine. 

Class I molecules interact with the CD8ap 
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coreceptor in conjunction with the TCR. Ad- 
ditionally, by binding to natural killer (NK) 
receptors, class I molecules can modulate NK 
activity (22, 23). Here we describe a third 
pathway by which class I molecules may af- 
fect lymphocyte function, by interacting spe- 
cifically with CD8aa. By binding to TL in- 
dependently of the TCR MHC specificity, 
CD8aa  acts semiautonomously and not as a 
TCR coreceptor. This type of interaction 
may not be exclusive to IELs, as T cells in 
other tissues also can express CD8aa (24, 
25). With the findings presented here, the 
possibility must now be entertained that 
CD8aa  molecules could have a regulatory 
function through high-affinity binding to 
class I molecules. 
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Heterotrimeric GTP-binding proteins (G proteins) control cellular functions by 
transducingsignals from the outside t o  the inside of cells. Regulator of G protein 
signaling (RCS) proteins are key modulators of the amplitude and duration of 
G protein-mediated signaling through their ability t o  serve as guanosine 
triphosphatase-activating proteins (GAPs). We have identified RCS-PXl, a Gas- 
specific CAP. The RCS domain of RGS-PX1 specifically interacted wi th  Ca,, 
accelerated its CTP hydrolysis, and attenuated ~a,-mediated signaling. RGS- 
PX1 also contains a Phox (PX) domain that resembles those in  sorting nexin 
(SNX) proteins. Expression of RGS-PX1 delayed lysosomal degradation of the 
EGF receptor. Because of its bifunctional role as both a GAP and a SNX, RCS-PX1 
may link heterotrimeric G protein signaling and vesicular trafficking. 

Heterotrimeric G proteins relay extracellular 
signals initiated by hormones, neurotransmit- 
ters, chemokines, and sensory stimuli through G 
protein-coupled receptors to intracellular effec- 
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tors and trigger a variety of physiological re- 
sponses (1,2). Receptor activation causes dis- 
sociation of G a  subunits from GPy dimers and 
subsequent regulation of downstream effectors. 
Members of the RGS protein family serve as 
GAPs that attenuate G protein-mediated signal 
transduction by binding to G a  subunits through 
a conserved RGS domain and accelerating GTP 
hydrolysis of Ga subunits (3). 

The RGS proteins characterized to date are 
GAPs for G,, G,, or GI,,,, classes of G proteins, 
but no RGS GAP for Gas has been found. To 
identify RGS proteins that might serve as GAPs 
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