
salt, temperature, and cofactors on triplex 
formation as well as differences in oligoribo- 
nucleotide and oligodeoxyribonucleotide 
triplex formation can also be investigated. 
Sequence analysis of a large population of 
ligands, coupled with detailed biophysical 
characterization of the complexes, may pro- 
vide insight into a general recognition motif 
for duplex DNA. Similarly, peptide and 
protein libraries may help define the nature 
of protein-DNA recognition. 
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~ggoclonal Expansion and CD 1 Recognition by 
Human Intestinal Intraepithelial Lymphocytes 

A buman intestinal intraepithelial lymphocyte (IEL) T cell line was established from 
jejunum to characterize the structure and function of the T cell antigen receptors VCRs) 
expressed by this population. Single-sided polymerase chain reaction (PCR) amplScation 
cloning and quantitative PCR amplScation of the TCR chains fiom the cell line and from 
&esh I E h  demonstrated that I E h  were oligoclonal. The IEL T cell line exhibited 
CDl-specific cytotoxiaty and a dominant IEL T cell clone was CDlc-specific. Thus, human 
jejunal intraepithelial lymphocytes are oligoclonal and recognize members of the CD1 gene 
f d y .  

T HE EPITHELIAL SURFACE OF THE 

intestine contains a distinct popula- 
tion of IELs, the function of which is 

unknown (1 ) . Human and murine intestinal 
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IELs are enriched for T lymphocytes that 
express the y6 TCR (1). However, the 
majority of human intestinal IEJ=s express 
the a p  TCR, and most of these human a p  
IELs express the CD8 accessory mole&& 
(2). The predominant expression of CD8 
by human intestinal aP IELs distinguishes 
them from T cells in the lamina propria and 
peripheral blood and suggests that their 
TCRs are directed at major histocompati- 
bility complex (MHC) class I or class I-like 
molecules. The TCRs expressed by murine 
y6 IELs have been shown to utilize a small 
number of variable region genes but to 
have extensive junctional diversity (3 ) .  No 
comparable analysis, however, has been 
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performed on human or murine a P  IELs. 
To  characterize the a p  TCRs expressed by 

human intestinal IELs and to identify lig- 
ands recognized by this population of lym- 
phocytes, we established a human IEL T cell 
line from normal jejunal IELs (4). After 3 
weeks in culture, the cell line was analyzed 
by flow cytometry and was 91% TCRaP+, 
7% TCRyG+, 90% CD8+, and 11% CD4+, 
which was consistent with the phenotype of 
freshly isolated IELs (4, 5 ) .  Concurrently, 
RNA was extracted and analyzed for TCR 
expression by PCR amplification. 

The TCRa chains expressed by the cells in 
the line were amplified and cloned by a 
modification of the single-sided PCR ampli- 
fication method (6) (Fig. 1). Independent 
isolates were sequenced and 25 hnctionally 
rearranged TCRa chains were identified. 
Only four TCRa chains, with one chain 
predominating, were detected. The domi- 
nant a chain utilized V-13.1-J,N and rep- 
resented 19 of the 25 chains isolated (Fig. 
1). The next most frequent isolates were 
V-14.1-J,W (three isolates) and V-1.2-J,T 
(two isolates) (Fig. 1). A single VJ.2 
cDNA was also identified. Similarly, single- 
sided PCR amplification and cloning of the 
TCRP chains from the line only detected 
two transcripts, Vp3. 1-Jp2. 1 (417 isolates) 
and Vp7.2-Jp2.1 (317 isolates) (Fig. 1). 

TCRa W n  uquner 

v, N 

GCT 
A  

6 7 6 c s c A c l A c l A  
V G T T  

The restricted expression of TCRa vari- 
able regions by the  line was confirmed by 
quantitative PCR amplification (7). The 
cDNA was amplified by PCR with a panel 
of specific V, oligonucleotide and 
a constant region antisense primer, and the 
PCR products were analyzed by hybridiza- 
tion with an internal C, probe. V,13 was 
the major product after 24 cycles of ampli- 
fication, and smaller amounts of V-14, 
V,15 (8) ,  and V,1 PCR products could 
also be identified (Fig. 2A). An additional 
transcript, V,BK6, was identified after 30 
cycles (Fig. 2B). V,BK6, which is related 
to the V,2 family, was cloned from a CDla  
reactive T cell clone (9). After 38 cycles, 
the majority of the oligonucleotides used in 
this panel yielded 'detectable transcripts 
(Fig. 2C). Therefore, both PCR analyses 
indicated the presence of a dominant clone 
that expressed V,13 and the expansion of 
several other clones. 

The distribution of TCRs was also ana- 
lyzed by determination of the TCR usage 
of three CD8+, TCRaP + T cell clones that 
were isolated from the cell line by limiting 
dilution (10). These clones, JRSl to JRS3, 
expressed V,13, V,14, and V,19, respec- 
tively, as determined by'quantitative PCR 
amplification (1 1). The JRSl TCRa chain 
was also cloned by single-sided PCR am- 

ACWCTACMGCTCAGCTTTGWGCCGWACUUGTMCTGTMWGCM Va13.1J$( 
W D Y K L S F G A G T T V T V R A A  

GCT TATTGTTC A G W G W G G T G C T G A C G G A C T C A C C T T T G G C M A G G W C T G C C C T  Va14.1 J,W 3/25 
A Y S S  G G G A D G L T F G K G T H ~ I I P P Y  

GCTGTWGTW TCTGGCG TCAGWGWAGCTACATACCTACATTTGWAWCWACUGCCTTATTGTTCATCCGT V,~ZJ,T 2/25 
A V S D  L A  S G G S Y I P T F G ' R G T S L I V H P Y  

GCTGT T A C C C W N X U C C M  CMACUGTGGCTCTAGGTTWCCTTTGGGWAGWACAUGCTUUGTWATCCTG V,lO.i J p  
A V  T R T T Q  E T S G S R L T F G E G T P L T V I I P D  

TCRfIdulnnq- 

" P  HID 
J~ 

GCCAGUGT TllTcGCGUCM CCTACMTGAGCAGTTCTTCGGGCUGGWUCGGCTCACCGTGCT ~ ~ 3 . 1  ~ ~ 2 . 1  4 / 7  
A S S  F S G A  T Y I I E O F F G P G T R L T V L  

G C U G U G C U A  M T T O O Q C T r n T C O C A  ACMTWGUGTTCTTCGGGCCAGGWCACFGCTUCCGTGCT Vp72 Jp2.1 3 / 7  
A S S 4  N Y A S I I P  I I W E P F F G P G T R L T V L  

GCUGTAG CmAGCteGG CCTACWGCAGTACTTCGGGCCGGGCACUGGCTCACGGTCAC Vp17.1 42.7 
A S S  F R A  A Y E P Y F G P G T R L T V T  

Fig. 1. Single-sided PCR amplification, cloning, and sequencing of the TCRa and TCRP chains from 
a jejunal IEL T cell line. The nucleotide and deduced amino acid sequences of the 3' end of each variable 
(V) region and the complete joining (J) region sequences are shown for the TCRa and TCRP chains 
cloned from an IEL T cell line. The 3' and 5' ends of the V and J regions, respectively, were determined 
from genomic clones or approximated on the basis of previous cDNA isolates. Unless otherwise 
indicated, the nomenclature of the TCRa and TCRP chains is that of Toyonaga and Mak (13). The 
sequences between the V and J regions [N region diversity for the a chains; N plus diversity (D) regions 
for the p chains] are shown in boldface, and the frequency of each isolate is indicated. Each isolate 
differed in the length of the 5' end, which indicated that the isolates were derived from distinct 
transcripts. The V-19.1 chain was isolated directly from the JRS3 clone. It contains a new J,, and 
therefore the junction between N and J is uncertain. The Vp17-Jp2.7 chain was isolated directly from 
the JRSl clone. Single-sided PCR amplification was carried out by a modification of published methods 
using a deoxycytidine homopolymer tail and an oligo(dG) primer (GATAGTCGACGGGGGGGGGG) 
(6). Transformed colonies were screened with an internal 32P-labeled oligonucleotide probe and 
independent isolates sequenced. 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; I, Ile; 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. 

plification and was identical to the domi- 
nant V,13.1-J,N receptor cloned from the 
cell line (Fig. 1). The JRS3 TCRa chain 
was similarly cloned and found to be V,19 
combined with a new J region (Fig. 1).  

The TCRP chains expressed by JRS1, 
JRS2, and the IEL T cell line were also 
analyzed by quantitative PCR amplifica- 
tion (1 1). JRSl and JRS2 expressed Vp17 
and Vp7, respectively. The dominant 
TCRs expressed by the cell line were Vp3, 
Vp7, and Vp17, each representing approx- 
imately one-third of the amplified prod- 
ucts. The JRSl TCRP chain was cloned by 
single-sided PCR amplificatiod and was a 
Vp17.1-Jp2.7 combination (Fig. 1). A Bgl 
I1 site was identified in the 5' untranslated 
region of the JRSl Vp17 chain that may 
have precluded the isolation of this chain 
during the random Vp cloning from the 
IEL cell line (Fig. 1).  The Vp17 PCR 
product from the cell line was also sub- 
cloned and all of the isolates (717) were 
identical to the JRSl TCRP chain (12). 
These results provided further confirma- 
tion that the IEL cell line was oligoclonal 
and contained a dominant clone, JRSl', 
that expressed a V-13.1-Vp17.1 TCR. 
Taken together, the TCRP chain quantita- 
tive PCR analysis and limiting dilution 
cloning suggested that the JRSl clone rep- 
resented approximately one-third of the 
IELs in the line. The higher estimates for 
JRSl yielded by the PCR analyses of 
TCRa chains (Figs. 1 and 2) may have. 
been due to higher expression by JRSl of 
the message from the TCRa chain versus 
that from the TCRP chain. 

To confirm that this oligoclonal expan- 
sion was present in vivo, we analyzed fresh 
jejunal IELs from a second individual by 
single-sided PCR amplification and clon- 
ing. Twenty-seven functionally rearranged 
TCRP chains were identified by DNA se- 
quencing. The distribution of these recep- 
tors (Fig. 3) indicated that these freshly 
isolated cells were also oligoclonal. The 
dominant receptor was a Vp12.3-Jpl .6 
combination that was present in 13 of 2 7  
isolates (13). The Vp12.3_gene was also 
rearranged to Jp2.2 in ones isolate. The 
remaining receptors used predomTnantly 
the Vp3 gene family and four different J 
regions (Jp1.2, Jp2.1, Jp1.6, and Jp2.7) 
(Fig. 3). Single isolates of a Vp7.2 and a 
Vp6.5 chain were also identified. The 
TCRa chains from the fresh preparation of 
IELs were also cloned by single-sided PCR 
amplification. Six of the nine functionally 
rearranged isolates were a V,3.1 combined 
with a J, not previously described (Fig. 3). 
The remaining isolates were a V,20-J,O 
combination (219) (Fig. 3) (14) and a V,7 
(119). 
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Fresh jejunal IELs from three additional 
patients were examined by quantitative 
PCR amplification of their TCRB chains. 
The first patient expressed predominantly 
Vp3 and lower levels of Vp6 and Vp7. 
Subcloning and sequencing of Vp3 PCR 
products showed that all of the isolates 
(21121) were identical (12). Subcloning 
and sequencing of the Vp7 PCR products 
from this patient also showed a single clone 
(616 isolates). Clonally expanded popula- 
tions expressing Vp3 and Vp6 were simi- 
larly detected in the second patient, and 
donal populations expressing Vp2, Vp3, 
and Vp8 were detected in the third patient. 
These results indicated, therefore, the oli- 
godonal expansion of human intestinal 
IELs in vivo. 

CIC CT 
L  v 

GCCAGUG - u a w m m m T ~ m m x u a m n U i G n a a m m  ~ ~ 1 2 ~ ~ 1 2 2  
A S R  P G T D S  T G E L F F G E G S R L T V L  

OCWOCAGT -1 ~ A ~ ~ C C T T C G U T C G G U X C U G G l T M C C G T T 0 1  V9.1 J,12 
A S S  L G P G R  Y Y G Y T F G S G T R L T V V  

GCUGCA Y T ~ C ~ ~ K C  T ~ ~ T ~ ~ C A ~ G G C T C A ~ ~ G T O C T  ~ 9 . 1  +I 
A S  T W T Y G G P  E P F F G P G T R L T V L  

GCCAGUG -AT T~~~nCACCCnCCAnnViWATbGwcuGbncAcT~OliC ~ 9 . 1  J,~I 
A S R  L V A G G V  Y Y S P L W F G W G T R L T V T  

The CD8 and the utiliza- Fig. 3. Single-sided PCR amplification, cloning, and sequencing of the TCRa and TCRP chains from 
tion of a limited number of TCRa and fresh human jejunal IELs, performed as described in Fig. 1. The frequency of each isolate is indicated. 

Fig. 2. Quantitative PCR amplification of the 
TCRa chains from an IEL T ceil line. Reaction 
mixtures (0.04 ml) contained approximately 100 
cell equivalents of cDNA, 80 ng of a V, primer 
(approximately 10 pmol) (29), 80 ng of a C, 
antisense primer (GGCAGACAGACTTGTCAC- 
TGGAT), 1 U of Taq 1 polymerase, 0.2 mM of 
each dNTP, 10 mM ms (pH 8.3), 50 mM KC], 
1.5 mM MgCI,, and 0.001% gelatin. PCR cycles 
were 94°C for 20 s, 55°C for 30 s, and 72°C for 
60 s. Ahquots (10 ~ 1 )  from the amplification were 
withdrawn after 24 (A), 30 (B), and 38 (C) cydes. 
Lane C represents a negative control without any 
added V, oligonucleotide in the PCR reaction. The 
PCR produrn were then separated on a 1.0% aga~- 
ose gel, aansferred to a nitroceilulose filter, and 
hybridized with a 32P-labeled i n d  C, (CG- 
GCAGGGTCAGGGTl-cr) probe. 

TCRB chains suggested that an intestinal 
epithelium-specific MHC class 1-like mol- 
ecule might be a ligand for intestinal IELs. 
Human intestinal epithelial cells express a 
nonpolymorphic MHC class I-like mole- 
cule, CDld (15). Similar molecules [CDl 
and the thymus leukemia antigen (TL)] 
have been detected on murine intestinal 
epithelial cells (16). In addition, CD1- and 
TL-specific cytolytic T cell clones have 
been identified (9, 17). The human CDl 
molecules were, therefore, tested as target 
ligands for human intestinal IELs. The 
human leukocyte antigen-A,B (HLA- 
A,B)-negative cell line, C1R (18), stably 
transfected with either the pSR-a Neo 
expression vector (19) (mock) or the 
pSR-a Neo vector containing the CDla, 
CDlb, CDlc, or CDld cDNA (15,20), was 
used as a target cell in 51Cr release assays. 

The IEL T cell line had significant cy- 
tolytic activity against CDla to CDld, and 
CDlc was the most effective target (Fig. 
4A). Most of the cytolytic activity against 

CDlc could be accounted for by the JRSl 
clone, which demonstrated potent CDlc- 
specific cytolytic activity (Fig. 4B). The 
ability of JRSl to discriminate between 
CDla to CDld and its inhibition with 
CD3-specific (SPV-T3b) and TCRap-spe- 
cific (WT31) monoclonal antibodies (21) 
indicated that CDlc was recognized by the 
TCR-CD3 complex. Finally, the lysis of 
the CDla, CDlb, and CDld transfectants 
by the line, but not by the JRSl clone, 
indicated that additional clones from the 
IEL T cell line were likely to be cytolytic 
for CDla, CDlb, and CDld. 

The clonal expansion of TCRaP, CD8+ 
intestinal IELs indicates that human intesti- 
nal IELs respond to a restricted group of 
intestinal epithelial antigens, with the CDl 
molecules implicated as candidate ligands. 
The human CDl locus encodes four non- 
polymorphic, p,-microglobulin-associated, 
MHC class I-like molecules, CDla to 
CDld (15, 20, 22). Although CDld is 
expressed by the majority of intestinal epi- 

licate. Specific cytotoxicity in a 4-hour release 
assay was determined. Spontaneous and maximal 
releases were measured by incubation of target 
cells with medium alone or with medium contain- 
ing 1% Nonidet P-40, respectively. The percent 
cytotoxicity was calculated by the formula: [ex- 
perimental release (cpm) - spontaneous release Effector*rget ratlo 
(cpm)]/[maximal release (cpm) - spontaneous 
release (cpm)] x 100. The figure shows the average of three separate experiments. Sample standard 
deviations were less than 5% of reported values in all cases except in one of three experiments in (A) at 
effector-to-target ratios of 6.25:l and 0.8125:l with the CDlc and CDlb uansfectants, respectively. 
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thelial cells (15), CDla, CDlb , and CDlc 
are expressed primarily by immature thy
mocytes and not by intestinal epithelial 
cells (23). We propose, however, that 
CDla to CDlc are expressed by intestinal 
epithelial cells during inflammation, infec
tion, or neoplastic transformation (24). In 
support of this hypothesis, CDla expres
sion has been detected on gingival epithe
lial cells after exposure to interleukin-1 
(IL-1) and on keratinocytes from several 
dermatoses (25). The expression of CDla 
to CDlc by abnormal intestinal epithelial 
cells would likely provide a stimulus for 
expansion of CD 1-reactive IELs that have 
migrated to the epithelium and that could, 
in turn, be important in immunosurveil-
lance of the intestinal epithelium. Within 
this context, CD Id normally expressed on 
the surface of intestinal epithelial cells 
might not be a target for cytolytic IEL in 
vivo. Instead, CD Id may play a role in the 
selection or extrathymic education, or 
both, of CDla- to CDlc-responsive T cells 
recruited to the epithelium. It remains 
possible, however, that the CDla to CDlc 
recognition observed here represents cross-
reactivity with another intestinal ligand. This 
cross-reactive ligand could either be unrelated 
to CD1 or, more likely, CD Id that is associat
ed with an intestinal antigen such as a stress 
protein induced in injured epithelial cells 
(26). Further studies will be required to 
determine the mechanisms that stimulate 
the expansion of these clones, identify their 
precise target ligands, and determine 
whether similar populations are present in 
other epithelial surfaces (27). 

REFERENCES AND NOTES 

1. P. B. Ernst, A. D. Befus, J. Bienenstock, Immunol. 
Today 6, 50 (1985); M. Bonneville et al, Nature 
336, 479 (1988); T. Goodman and L. LeFrancois, 
ibid. 333, 855 (1988); K. Deusch et at., Eur. J. 
Immunol. 2 1 , 1053 (1991). 

2. N. Cerf-Bensussan, E. E. Schneeberger, A. K. Bhan,/. 
Immunol. 130, 2615 (1983); P. Brandtzaeg et al, 
Scand.J. Immunol. 30,123 (1989); R. P. Bucy, C. H. 
Chen, M. D. Cooper,/. Immunol. 142, 3045 (1989); 
V. Groh et al.J. Exp. Med. 169,1277 (1989); L. K. 
Trejdosiewiczef <*/., Immunology 68, 7 (1989). 

3. S. Kyes, E. Carew, S. R. Carding, C. A. Janeway, A. 
Hayday, Proc. Natl. Acad. Sci. U.S.A. 86, 5527 
(1989); D. M. Asarnow, T. Goodman, L. LeFran
cois, J. P. Allison, Nature 341 , 60 (1989); Y. 
Takagaki, A. DeCloux, M. Bonneville, S. Tonegawa, 
ibid. 339, 712 (1989); S. Itohara et al, ibid. 343, 
754 (1990). 

4. IELs were isolated from jejunal mucosa obtained from 
healthy individuals undergoing gastric bypass surgery 
for morbid obesity, as described [E. C. Ebert, Gastroen
terology 97,1372 (1990)]. A T cell line was established 
by culturing of the IELs in a 24-well plate in Dulbecco's 
modified Eagle's medium containing 5% fetal bovine 
serum, 2% pooled human AB+ serum, penicillin-strep
tomycin (100 units per milliliter), gentamicin (50 jig/ 
ml), Fungizone (1 |ig/ml), 2 mM L-glutamine, recom
binant IL-2 (rIL-2) (5 units per milliliter; Boehringer 
Mannheim), rIL-4 (4 units per milliliter; Genzyme), 
and phytohemagglutinin (PHA) (1.0 jig/ml; Difco, 
Detroit, MI) at a concentration of 2 x 106 cells per 
milliliter. The cells were fed at day 3 or 4 without PHA 

and at day 7 with PHA (1.0 jx^ml) and irradiated 
allogeneic peripheral blood mononuclear cells (PB-
MNC) (7.5 x 105 cells per well). The stimulation was 
repeated on day 14 with PHA and irradiated PBMNC 
and every 7 to 10 days thereafter. 

5. Immunofluorescence of the cell line and clones was 
performed as described (28) with the WT31, 51, 
OKT4, and OKT8 monoclonal antibodies (MAb). 
WT31 is a mouse immunoglobulin Gl (IgGl) MAb 
to human TCRafJ framework [W. Tax, H. Willems, 
P. Reekers, P. Capel, R. Koene, Nature 304, 445 
(1983)]. 51 is a mouse IgGl MAb to human TCR5 
framework [H. Band et al, Science 238, 682 
(1987)]. The MAbs to CD8 and CD4, OKT8 and 
OKT4, are murine IgG2b and IgG2a, respectively 
[E. Reinherz, P. Kung, G. Goldstein, R. Levey, S. 
Schlossman, Proc. Natl. Acad. Sci. U.S.A. 77,1588 
(1980)]. 

6. Whole cellular RNA from approximately 106 cells 
was extracted in a solution of 3 M LiCl and 6 M 
urea [C. Auffray and F. Rougeon, Eur. J. Biochem. 
107, 303 (1980)], and cDNA was synthesized with 
M-MLV reverse transcriptase [Bethesda Research 
Laboratories, Bethesda, MD (BRL)] and oli-
go(dT)12.i8 (Pharmacia). Single-sided PCR ampli
fication was performed by a modification of pub
lished methods [M. A. Frohman, M. L. Dush, G. R. 
Martin, Proc. Natl. Acad. Sci. U.S.A. 85, 8998 
(1988); E. Y. Loh, J. F. Elliott, S. Cwirla, L. L. 
Lanier, M. M. Davis, Science 243, 217 (1989)]. 
Komopolymer tailing of the cDNA was performed 
in a 0,025-ml reaction mixture containing 0.4 mM 
deoxycytidine triphosphate and 30 U of terminal 
deoxytransferase in the buffer supplied by the man
ufacturer (BRL) for 10 min at 37°C, which adds a 
deoxycytidine tail of approximately 10 to 15 bases. 
The RNA was then removed by alkaline hydrolysis. 
Second-strand synthesis was performed with the 
Klenow fragment of DNA polymerase I and an 
oligo(dG) primer with a Sal I site (GATAGTC-
GACGGGGGGGGGG; Sal-dG10) in a 0.025-ml 
reaction mixture containing 50 ng of primer (about 
7.5 pmol), 0.1 mM of each deoxynucleotide triphos
phate (dNTP), and 15 U of enzyme. Each 0.1-ml 
PCR reaction contained cDNA, 100 ng of Sal-dG10 

primer, 100 ng of an antisense C a (GAGGGAGCA-
CAGGCTGTCTT) primer (located at the 3' end of 
the constant region), 2.5 U of Taq 1 polymerase, 
0.2 mM of each dNTP, and buffer, as described by 
the manufacturer (Perkin-Elmer Cetus). Each cycle 
of amplification consisted of 94°C for 20 s, 55°C for 
30 s, and 72°C for 2 min for 30 cycles. One microliter > 
of the product was then reamplified as above with an 
internal antisense C a (GGCAGACAGACTTGTCAC-
TGGAT) primer. The PCR products were digested 
with Sal I and an enzyme cutting in C a (Pvu II) and 
cloned into pBluescript (Stratagene). A more 3' nested 
primer and an internal Hind m site were also used in 
parallel for V a cloning. TCR0 chains were amplified 
and cloned similarly with a 3' Cp primer ( C C l l l C -
TCTTGACCATGGCCATCA) and a nested Cp prim
er (GCCITTTCCCTGTGGGAGAT) which both rec
ognize Cpl and Cp2. A Bgl II site in Cp was used for 
cloning into pBluescript. 

7. Y. Choi et al, Proc. Natl. Acad. Sci. U.S.A. 86, 
8941 (1989). 

8. The Va15 primer used in the PCR amplification was 
derived from clone AC24 [M. H. Klein et al., Proc. 
Natl. Acad. Sci. U.S.A. 84, 6884 (1987)] and has 
been redesignated as V a19 [K. Wilson, E. Lai, P. 
Concannon, R. K. Barth, L. E. Hood, Immunol. 
Rev. 101, 149 (1988)]. 

9. S. Porcelli et al., Nature 341,447 (1989); S. P. Balk, 
S. Porcelli, M. Brenner, unpublished data. 

10. The IEL T cell line was cloned by limiting dilution 
at less than one cell per well with 10 s allogeneic, 
irradiated (5000 rads) PBMNC in Dulbecco's mod
ified Eagle's medium containing PHA (1.0 |ig/ml), 
rIL-2 (5 U/ml), and rIL-4 (4 U/ml) in 96-well 
V-bottom plates, as described [S. A. Brod, M. 
Purvee, D. Benjamin, D. A. Hafler, Cell. Immunol. 
125, 426 (1990)]. 

11. Quantitative PCR amplification of DNA from the 
IEL T cell clones, cell line and fresh IELs was 
performed as described (Fig. 2), using a panel of V a 

or Vp oligonucleotide primers (29). 
12. As described in the legend to Fig. 2, cDNA from the 

cell line or from fresh IELs was amplified by PCR 

for 35 cycles with a specific oligonucleotide. The 
PCR-amplified product was then subcloned into 
pBluescript and multiple isolates were sequenced. 

13. The Vpl2.3 chain was originally isolated from clone 
HBP 34 and was designated as Vp13.2 [N. Kimura 
et at., J. Exp. Med. 164, 739 (1986)]. We have, 
however, followed the convention of merging the 
Vp13 family into Vp12 [B. Toyonaga and T. W. 
M.2k,Annu. Rev. Immunol. 5, 585 (1987)]. 

14. The V a20 chain was originally designated Va16.1 
(8). 

15. S. P. Balk, P. A. Bleicher, C. Terhorst, Proc. Natl. 
Acad. Sci. U.S.A. 86, 252 (1989); R. S. Blumberg 
et al., J. Immunol., in press. 

16. P. A. Bleicher et al., Science 250, 679 (1990); R. 
Hershberg <?*<*/., Proc. Natl. Acad. Sci. U.S.A. 87, 
9727 (1990). 

17. J. Bluestone, R. Cron, M. Cotterman, B. Houlden, 
L. Maris, J. Exp. Med. 168, 1899 (1988); M. 
Bonneville etal, Proc. Natl. Acad. Sci. U.S.A. 86, 
5928 (1989); K. Ito et al, Cell 62, 549 (1990); F. 
Faure, S. Jitsukawa, C. Miossec, T. Hercend, Eur. J. 
Immunol. 20, 703 (1990). 

18. J. Alexander, J. Payne, R. Murray, J. Frelinger, P. 
Cresswell, Immunogenetics 29, 380 (1989). 

19. Y. Takebe et al, Mol. Cell. Biol. 8, 466 (1988). 
20. A. Aruffo and B. Seed, J. Immunol. 143, 1723 

(1989). 
21. The cytolytic activity of the JRS1 clone was blocked 

by preincubation with the CD3 (SPV-T3b) [H. 
Spits et al, Hybridoma 2, 423 (1983)] and TCRafJ 
(WT31) MAbs, which inhibited the cytotoxicity by 
81 ± 3% and 40.3 ± 6.7%, respectively, in three 
experiments. 

22. L. H. Martin, F. Calabi, F. A. Lefebvre, C. A. G. 
Bilsland, C. Milstein, Proc. Natl Acad. Sci. U.S.A. 
84, 9189 (1987). 

23. A. J. McMichael et al, Eur. J. Immunol. 9, 205 
(1979); E. L. Reinherz, P. C. Kung, G. Goldstein, 
R. H. Levey, S; F. Schlossman, Proc. Natl Acad. Sci. 
U.S.A. 77, 1588 (1980); M. A. Amiot et al, J. 
Immunol 136, 1752 (1986); B. Kahn-Perles, J. 
Wietzerbin, D. H. Caillol, F. Lemonnier, ibid. 134, 
1759 (1985). 

24. Cr Janeway, B. Jones, A. Hayday, Immunol. Today 9, 
73 (1988). 

25. L. J. Walsh and G. J. Seymour,/. Invest. Dermatol 
90, 13 (1988); B. Dreno, B. Milpied, J. F. Stadler, 
G. Guillet, P. Litoux, Acta Derm. Venereol 76, 406 
(1987); M. Drijkoningen, C. D. Wolk-Peeters, V. 
Desmet, Br. J. Dermatol. 115, 511 (1986). 

- 26. D. M. Asarnow et al, Cell 55, 837 (1988). 
27. V. Groh, M. Fabbi, F. Hochstenbach, R. T. Ma-

ziarz, J. L. Strominger, Proc. Natl. Acad. Sci. 
U.S.A. 86, 5059 (1989); J. L. Viney, T. T. Mac-
Donald, P. J. Kilshaw, Immunology 66, 583 (1989); 
R. Benedita, P. Vassalli, D. Guy-Grand, J. Exp. 
Med. 173, 483 (1991). 

28. R. S. Blumberg et al,]. Biol. Chem. 265, 14036 
(1990). 

29. The family of V a oligonucleotides used in the 
quantitative PCR amplification were V a l , CTGCT-
GCTCGTCCCAGTGCTCGAGGTGATT; V a2, A 
CAGTGACCGAGTTTCCCAGTCCTTCTTCT; 
V a 3 , GGAGTGTCTrTGGTGATTCTATGGCT-
TCAA; V a4, CTCCACAATCAGTGGAACTGAT-
TACATACA; V a 5 , AACTATACAAACTATTC-
TCCAGCATACTT; V a6, CTGAAGGTGGTCAC-
AGCTTCACTGTGGCTA; V a7, TGGGGAGTTT-
T C C T T C T T T A T G T T T C C A T O T V a 8 , CGA-

GCrrTATTTATGTACrTGTGGCTGCAG; V a9, 
CCCACCCTCATCTCAGTGCTTGTGATAATA; 
V a 1 0 , A C C C A G C T G C T G G A G C A G A G -
CCCTCAGTTT; V a l l , GCTTTGCAGAGCAC-
TCTGGGGGCGGTGTGG; V a12, TTGAGGGC-
AGTCATAGCCTCCATCTGTGTT; V a 13, GC-
TCTGCTGGGGCTCTTGAGTGCCCAGGTT; 
Va14, GCATGCCCTGGCTTCCTGTGGGCACT-
TGTG; V a 1 5 , TGTTTCCTTGTTTATGCT-
GAGCTCAGGGAA; V a16, ATCTCGATGCT-
TGCGATGCTCTTCACATTG; V a 17 , ATAT-
CTATAAGTTCCATTAAGGATAAAAAT; V a18, 
T G T C A G G C A A T G A C A A G G G A A G C A A -
CAAAG; V a B K 6 , GAATCCTCAGTGAAC-
CAGGGCAGA; and V a HPB, CGGAGCACG-
G A A C A T T T C A C T C A G G G . T h e V a B K 6 
oligonucleotide was derived from the CDla reactive 
T cell clone, BK6 (9), and the V aHPB oligonucle-

1414 SCIENCE, VOL. 253 



otide from the HPB-ALL T cell Line. The Vp family 
of oligonucleotides used were as described [K. 
Wucherpfennig et a l . ,  Science 248, 1016 (1990)]. 

30. The HLA-A,B-negative B cell line, C lR ,  was trans- 
fected with the pSR-a Neo expression vector 
(mock) and pSR-o Neo expression vector contain- 
ing the CDla, CDlb, CDlc, or CDld  cDNA by 
electroporation, as described (28). The transfectants 
were selected in geneticin sulfate (G418; 2.0 mgiml; 
specific activity 450 pgimg, Gibco) and CD1-ex- 
pressing cells were identified by indirect immuno- 
fluorescence. The transfected C1R cells were cloned 
by limiting dilution and maintained in complete 
medium containing geneticin sulfate (2.0 mgiml). 

31. We thank S. Porcelli, M. Bremer, and P. Bleicher for 
several of the C1R aansfectans and antibodies; A. 
N o  and B. Seed for the CDla, CDlb, and CDlc 
cDNPL, D. H d e r  for oligonucleotides and advice; and 
C. Terhorst for wefd discussions and support. S u p  
ported by National Cancer Institute grant CA-01310 
(to S.P.B.), National Institute of Arthritis, Diabetes, 
and Digestive and Kidney Diseases grants DK42166 
(to E.C.E.) and 5 KO8 DK01886 (to R.S.B.), a 
Haward Digestive Center pilot project grant 
2P30DK34854-06, and a grant from the Crohn's and 
Colitis Foundation of America. 

9 April 1991; accepted 15 July 1991 

A Mechanosensitive Channel in Whole Cells and 
in Membrane Patches of the Fungus Uromyces 

Bean leaf stomata provide a topographical signal that induces germlings of the 
phytopathogen Uromyces appendiculatus to  develop specialized infection structures. 
Protoplasts fkom germ tubes of this fungus, when examined with patch-clamp 
electrodes, displayed the activities of a 600-picosiemen mechanosensitive ion channel. 
This channel passes a variety of cations, including Ca2+, and is blocked by Gd3+ at 50 
micromolar. This channel could transduce the membrane stress induced by the leaf 
topography into an idlux of ions, including Ca2+, that may trigger differentiation. 

OST PHYTOPATHOGENIC FUNGI 

must locate and recognize an ap- 
propriate site for entry into their 

hosts in order to establish a successful para- 
sitic interaction. The rust fungi are the caus- 
al agents of the plant diseases wheat rust, 
coffee rust, and bean rust. Urediospore germ- 
lings of the bean rust h g u s  Uromyces appen- 
duulatus are guided by the topography of the 
leaf surface to stomata, where they cease 
polarized growth and differentiate appresso- 
ria from the germling apices. Such appresso- 
ria are the first in a series of specialized 
infection structures needed for the pathogen 
to enter the plant host (1). The topographical 
signal that triggers formation of the appres- 
sorium is provided by a feature of the sto- 
matal architecture that can be simulated on 
chemically inert plastic replicas of the epider- 
mis (2) and on polystyrene membranes bear- 
ing microfabricated ridges 0.45 to 0.7 km in 
height (3) (Fig. 1A). 

The various postulated mechanisms by 
which a fungal germling can sense minute 
surface features include an ionic or electric 
change mediated by mechanosensitive (MS) 
channels. MS channels that respond to phys- 
iological stretch forces in the plasma mem- 
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brane have been implicated in the regulation 
of cell volume, morphogenesis, osmotic 
pressure, guard cell responses, and neuronal 
growth-cone functions (4, 5). This type of 
ion channel has been identified in animal 
and plant cells and microbes, inclulng the 
budding yeast, a free-living fungus (5). Con- 
tact of the bean rust germling with an 
inductive topography could produce local- 
ized stretching of the plasma membrane and 
cause MS channels to open. The resulting 
changes in membrane potential or cytoplas- 
mic concentrations of ions, such as Ca2+, 
may induce appressorium formation. We 
therefore examined the plasma membrane of 
U. appendiculatus germ tube protoplasts for 
MS channels with the patch-clamp method. 

Collected urediospores were germinated 
and converted into protoplasts 4 to 7 pm in 
diameter (6). Standard patch-clamp elec- 
trodes were used to form gigaohm seals with 
the plasma membrane of selected protoplasts 
(Fig. 1B) (7). We report here the activities 
of a large conductance MS channel. Other 
smaller conductance channels were also de- 
tected that were voltage-sensitive but not 
MS. We detected the MS channel activities 
in every one of more than 50 protoplasts 
examined in the whole-cell mode or in ex- 
cised inside-out or outside-out patches. In 
contrast to Lymnaea neurons ( 8 ) ,  Uromyces 
protoplasts readily displayed whole-cell MS 
currents. Small pressures applied through 
the patch pipette tended to open these chan- 
nels, yielding discrete, stepwise changes in 

the conductance of the membrane channels 
(Fig. 2). Opening appears not to be coop- 
erative among these channels (Fig. 2B). 

The probability that channels will open in 
response to a given applied pressure (open 
probability) fits a Boltzmann distribution in 
which the mechanical energy partitions the 
channel molecule between its open and 
closed conformations (Fig. 3). In three cells 
analyzed systematically, this curve inflects at 
pressures between 10 and 20 mmHg, which 
is similar to the sensitivities of MS channels 
of other species (4, 5). Because we have 
approached saturation of the open probabil- 
ity without breaking the protoplasts, we can 
estimate the number of MS channels in a 
protoplast. In one example (Fig. 3), there 
were 111 such MS channels in the whole 
membrane of this protoplast. The average den- 
sity was about two channels per square mi- 
crometer in the ten protoplasts analyzed. The 
open probability of this channel under a small 
pressure increases strongly upon depolarization 
and slightly upon hyperpolarization below 
-50 mV (Fig. 3C). However, we could not 
activate the channel with voltage alone. 

The conductance of the channel was 601 
2 10 pS (mean k SD, n = 9) in symmetric 
290 mM KC1 solutions (Fig. 4A). This 
conductance is large for ion channels among 
eukaryotic species. We investigated the ion 
selectivity in the whole-cell mode by exam- 
ining the changes in the current-voltage 
(Z-I/) plots of the unitary current after 
changing the ionic species and concentra- 
tions of the bath. Diluting the bath KC1 
concentration from 290 to 58 mM caused a 
shift of the Z-V curve such that the current 
reversed at -35 mV, close to the calculated 
equilibrium potential of K+ (Fig. 4A). Sim- 
ilar results were obtained in three other five- 

Fig. 1. Germlings of U.  appendiculatus. (A) Scan- 
ning electron micrograph of two germlings 
grown on a polystyrene substrate bearing ridges 
0.5 pm high and 2.0 pm wide, prepared as in (3) .  
One of the germlings encountered an inductive 
ridge and developed an appressorium (arrow). 
(B) Protoplasts derived from young germlings 
(6). Bars represent 10 pm. 
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