
Requirement for Positive Selection of yS 
Receptor-Bearing T Cells 

and p2M-'- mice, and their responses to 
alloantigen (B10 spleen cells) and receptor 
(V,2)-specific monoclonal antibody (MAb) 
were measured (Table 1). Tgf cells from 
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specific MAb. In contrast, the Tgf thymo- 
The arp and T cell receptors for antigen (TCR) delineate distinct T cell populations. ,re, from P,M-/- mice, including H-2d 
TCRarP-bearing thymocytes must be positively selected by binding of the TCR to ,ice (experiments 4 and 51, did not prolif- 
major histocompatibility complex (MHC) molecules on thymic epithelium. TO exam- erate in response to to MAb. The 
ine the requirement for positive selection of TCR yS T cells, mice bearing a class I absence of proliferation is consistent with 
MHC-specific yS transgene (Tg) were crossed to mice with disrupted P2 microglob- the failure of these y8 T ~ +  T cells to have 

(p2M) genes. The Tg+P2M- (class I MHC-) offspring had Tg+ thymocJ'tes that received a receptor-mediated differentiative 
did not proliferate to antigen or Tg-specific monoclonal antibody and few peripheral signal from a P2M-associated self antigen. 
Tg+ cells. This is evidence for positive selection within the yS T cell subset. CD4+CD8+ TCRaPf T cells that are not 

positively selected do not exit from the 

T HE TCR MEDIATES EVTRATHYMIC T for a class I MHC alloantigen encoded in the thymus and populate peripheral lymphoid 
cell differentiation (1). For example, TL region of H-2b mice (8, 9 ) .  We reasoned organs; we therefore examined y6 Tg 
TCRaP recognition of selfMHC and that a yS TCR that recognizes a P2M-associ- expression in the periphery of P2M+lf, 

non-MHC antigens is required for phenotypic ated H-2b class I MHC molecule would be P2Mf I- (heterozygous for the disrupted 
and functional maturation of CD4+ CD8+ to positively selected during development by a P2M gene), and p2M-I- mice by flow cy- 
CD4+CD8- and CD4-CD8+ thymocytes. homologous @,M-associated molecule ex- tometry (Fig. 2). Few Vy2 bearing cells 
This process of positive selection creates a pressed in the syngeneic H-2d environment. were present in the spleens and lymph nodes 
TCRaP repertoire that recognizes foreign an- If so, the maturation of class I MHC- of the P2M-I- animals, and these expressed 
tigens preferentially in association with the specific TCRyS T cells might be impaired in only low amounts of receptor. The Tgf 
MHC molecules expressed on thymic epitheli- a class I MHC-deficient environment be- thymocytes from the P2Mp1- mice ex- 
urn during development (24).  Thus, mice cause a requisite TCR-self antigen interac- pressed amounts of receptor equivalent to 
with no class I MHC expression because their tion would not occur. thymocytes from the p2M+'- and P2M+'+ 
P2M genes were disrupted by homologous To examine T cell development in the y6 control mice. 
recombination (P2M-I-) have almost no Tg+P2M- mice, we analyzed thymocyte In contrast to the peripheral spleen and 
CD4-CD8+ TCRaP T cells, confirming the populations by flow cytometry (Fig. 1). As lymph node Tg+ cells from Tgf P2M+ 
role of class I MHC molecules in the positive expected, TCRaP+ CD8+ T cells were pre- mice, which were predominantly 
selection of this T cell subset (3, 4). sent in P2M+'+ thymuses (Fig. lA), but CD4-CD8- (Fig. 2, A and B, mice 1, 2,4, 

T cells that express the yS receptor het- were absent in thymuses from p2M-'- mice and 5), almost no Tg-expressing lymph 
erodimer are a distinct mature cell lineage (Fig. 1B). However, substantial numbers of node or spleen cells in P,M-'- mice (Fig. 2, 
( 5 ) .  Information about the selection of the Tgf (Vy2+) T cells, expressing normal lev- A and B, mice 3 and 6) were CD4-CD8-. 
TCRyS repertoire is limited. Studies with els of receptor, were present in both the Although a percentage of the yS Tg+ thy- 
TCRyS transgenic mice have shown that self @,M-'- and P2M+lf thymuses. mocytes in @,M-'- mice were CD8+ (Fig. 
tolerance (negative selection) can be estab- TCRyS Tg+ CD4-CD8- thymocytes 2B, mouse 6), the peripheral spleen and 
lished in the TCRy6 repertoire both by were then purified from both the P2M+'+ lymph node dull VY2+ cells in p2M-I- mice 
clonal deletion and by the induction of 
clonal anergy (6, 7). Table 1. Absence of proliferation to alloantigen or to Tg-specific MAb by 76 Tg+ thymocytes that 

To test directly the requirement for posi- develo in p2M-/- mice. Purified CD4-CD8- y8 Tg+ thymocytes (5 x 104) from P2Mt/+ or 
tive of TCRy6, we crossed P2M-; mice were incubated with I cell-& leted irradiated (2000 R) splenic antigen-presenting ceh ! 
expressing a class 1 ~ ~ ~ - ~ ~ ~ ~ i f i ~  y6 trans- (APCs) (5 x 105) from allogeneic B10 (H-2 ) or syngeneic BALB/c (H-2d) mice. Responder y8 Tg+ 

thymocytes were prepared by treatment of whole thymus cell suspensions with the CD4- and CD8-specific 
gene (Tg) (6) to mice with PzM MAbs RL172.4 and 3.155 (21) plus complement. Splenic APCs were depleted of T cells by treatment 
genes (4) to produce TgtP,M- animals. with a Thy 1.2-specific MAb [JlJ (21)] and complement. For measuring MAb-induced prohferation, 
The TCR y6 Tg was isolated from a BALB/c individual microtiter wells were coated with 30 pgiml of purified V,2-specific MAb [10A6 (9)]  and 

(H-2d) nu/nu-derived T cell clone specific incubated for 2 hours at 37°C. After washing the MAb-coated wells three times with PBS, y6 Tg+ 
thymocytes (105) were added. Proliferation was measured after 48 to 72 hours by labeling with 
[3H]thymidine (1 pCi per well; specfic activity 6.7 Ci/mol) for an additional 12 to 16 hours. Shown are 
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A Fig. 1. Intrathymic develop- corresponds to immature and mature sub- 
merit 76 transgene ex- sets of TCRaP thymocytes, respectively 
pressing cells in P,M-/- 

2 0" 0 2 ~  +I+ mice. 6,M-'- mice (4) were 
0 0 

(12). 
bred TCR trans- Our data are direct functional evidence for 
genic mice (6) to produce positive selection of thymocytes expressing 
Tg+ P2M- offspring. The TCRYS. Class I MHC-s~ecific TCRvS 
mice were screened for the 
presence of the mutated 

2 P2M gene or the y6 tg by 
0 + 02M - / -  Southern blot analysis of tail 
P n DNA as previously de- 
0 scribed (6, 20). The DNA 

constructs encodina the 
u 

CD4 TCRaS vr2 transgenic y and 6 chains 
have been described (6). 

The V, is a V,11-like segment rearranged to J,1, and the y chain is encoded by a V,2-J,1 
rearrangement. A V,2-specific MAb, 10A6 (9) ,  was used to assess y6 transgene expression as before (6). 
Thymocytes from these mice were examined by two-color flow cytometry to assess TCR expression and 
cell surface phenotype. Thymocytes were double-stained for CD4 and CD8, TCRolP and CD4, and V,2 
and CD4 plus CD8 (21). Profiles shown are from P2M+ H-2d y6 T + control mice (A) and 
Tgf P2MM'- mice (B). The MHC haplotype (H-2b or H-ld)  of the P2M-- mice was determined by 
flow cytometric analysis with appropriate class I1 MHGspecific MAbs (Y-3P, anti-I-Ab, and MKD6, 
anti-I-Ad). Identical results were obtained with H-2d and H-2b haplotype P,M-'- mice. Samples for 
flow cytometry were prepared as single cell suspensions from thymuses of appropriate mice. Cells were 
stained sequentially either with FITC-labeled MAbs or unlabeled MAbs that were detected with 
appropriate FITC-conjugated secondary reagents, then biotinylated MAbs and streptavidin, conjugated 
to either allophycocyanin or phycoerythrin, with standard methodology. Control staining was 
performed with secondary reagents alone or with the streptavidin-conjugated reagents. Fluorescence 
was measured on a FACS 440 (Becton Dickenson). These results are representative of a total of eight 
experiments. The care of experimental animals used in this study was in full accordance with 
institutional guidelines. 

were CD8-, CD4+, and TCRaPf,  repre- 
senting an unusual subpopulation of 
TCRaP+ CD4+ T cells, unique to the 
P2M-/- mice, that express ectopically low 
numbers of V,2 (10). Thus, virtually no 
phenotypically mature y6 Tg+ T cells are 
present in peripheral lymphoid organs of 
Tgf P2M- mice, which is consistent with 
the absence of positive selection (1 1). 

Differential expression of several cell sur- 
face proteins distinguishes immature from 
mature TCRap-bearing thymocytes. For ex- 

ample, immature a6 thymocytes express 
large amounts of the heat-stable antigen 
(HSA, J l l D ) ,  whereas mature thymocytes 
and peripheral T cells express little or no 
J l l D  (12). Correspondingly, Tgf thymo- 
cyte populations from P2Mf mice consist of 
both J l  l D f  and J11D- cells, whereas Tg+ 
thymocytes from P2M-/- mice are exclu- 
sively J l l D f  (13). Moreover, the Tgf 
P,M- thymocytes are CD5 dull, whereas 
the Tg+ p,M+ thymocytes are CD5 bright 
(13). This pattern of CD5 expression also 

Mouse D,M Thymus Spleen Lymph Node 

transgenic T cells that develo'ped intrathyAi- 
c d y  in mice that do not express P2M- 
associated class I MHC molecules did not 
proliferate in response to TCR-mediated 
signals and did not exit from the thymus and 
populate peripheral lymphoid organs. These 
findings pardel several fundamental param- 
eters of TCRaP positive selection (2), but it 
is possible that the molecular mechanisms of 
selection of yS and a p  T cells may be 
different (14). 

Although shown here for a yS Tg with a 
single specificity, our results may apply to yS 
T cell development in general. Thus, several 
studies have provided indirect evidence for 
positive selection of various yS T cells (15- 
17). For example, strain-dependent selection 
has been shown for V,4+ receptors in mu- 
rine intestinal epithelium [by class I1 MHC 
molecules (16)] and for the invariant V,5- 
D,2-J,1 (BID) receptors in BALB/c mice 
(1 7). Our yS Tg-bearing cells are phenotyp- 
ically and functionally fully characteristic of 
normal yS T cell populations. Like normal 
yS T cells, the Tg+ cells are predominantly 
CD4-CD8-, and the y and 6 Tgs are 
appropriately down-regulated in a p  T cells 
(6). We have also found (18) that yS Tgf 
thymocytes develop in the presence of cyclo- 
sporin A in a fashion analogous to yS T cells 
in general (1 4). Studies of TCRaP develop- 
ment show that phenotypically related T 
cells differentiate through the same pathway 
(1, 2). Therefore, the requirement for a 

Fig. 2. Two-color cell surface phenotype analysis of thymocytes and peripheral lymphoid Tg-bearing cells from p2Mfif, P2Mf1-, and P,M.-/- mice. Cell 
populations from the thymus, spleen, and lymph nodes of each animal were double stained for V,2 and CD4 and CD8 expression as described in Fig. 1. 
Samples were analyzed on a FACS 440 (thymuses) or FACSCAN (spleen and lymph nodes). The percentages of V,2-positive cells are indicated. The two 
representative experiments shown (A and B) were performed in identical fashion except that in (B), the thymocytes were double-stained for V,2 and CD8 
alone. 
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TCR-self antigen interaction to complete 
differentiation may well apply generally to 
TCR75-bearing T cells, independent of 
their individual receptor specificities. 

However, the normal maturation of 78 T 
cells in nontransgenic p 2M _ /~ mice indi
cates that many 78 T cells do not require 
class I M H C in order to differentiate (3, 4). 
Thus, if all 78 cells are subject to positive 
selection, non-MHC antigens might func
tion as selecting self restriction molecules for 
many TCR78. When the cell surface mole
cules [for example, heat shock proteins (19)] 
that restrict the responses of non-MHC-
specific 78 T cells are identified, this possi
bility can be tested directly. However, the 
fact that the self antigens that select the Vs5 
BID receptor map outside the MHC is 
consistent with this notion (17). If true, 
then the requirement for TCR engagement 
might be a universal property of all T cell 
differentiation. 
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does not interfere with the response to an 
antigen but rather impairs a later step in T 
cell activation, the proliferative response to 
interleukin-2 (4, 5). 

The effects of CsA, FK506, and rapamy
cin are thought to be mediated by the 

J. Heitman and M. N. Hall, Department of Biochemis
try, Biocenter of the University of Basel, CH-4056 Basel, 
Switzerland. 
N. R. Mowa, Preclinical Research, Sandoz Pharma 
Limited, CH-4002 Basel, Switzerland. 

*Present address: The Rockefeller University, 1230 York 
Avenue, New York, NY 10021. 
t T o whom correspondence should be addressed. 

Targets for Cell Cycle Arrest by the 
Immunosuppressant Rapamycin in Yeast 
JOSEPH H E I T M A N / N. RAO M O W A , MICHAEL N. HAixt 

FK506 and rapamycin are related immunosuppressive compounds that block helper T 
cell activation by interfering with signal transduction. In vitro, both drugs bind and 
inhibit the FK506-binding protein (FKBP) proline rotamase. Saccharomyces cerevisiae 
cells treated with rapamycin irreversibly arrested in the G l phase of the cell cycle. An 
FKBP-rapamycin complex is concluded to be the toxic agent because (i) strains that 
lack FKBP proline rotamase, encoded by FPR1, were viable and fully resistant to 
rapamycin and (ii) FK506 antagonized rapamycin toxicity in vivo. Mutations that 
conferred rapamycin resistance altered conserved residues in FKBP that are critical for 
drug binding. Two genes other than FPR1, named TORI and TOR2, that participate 
in rapamycin toxicity were identified. Nonallelic noncomplementation between FPR1, 
TORI, and TOR2 alleles suggests that the products of these genes may interact as 
subunits of a protein complex. Such a complex may mediate nuclear entry of signals 
required for progression through the cell cycle. 

23 AUGUST 1991 REPORTS 905 


