
cell cycle and abolished the second mitotic 
wave. The  arrested cells were not forced to 
differentiate along any single pathway. 
Rather, they could respond to physiological 
differentiation signals and could adopt a 
variety of cell fates as they were sequentially 
recruited to  the developing ommatidia. 
Hence, the expression of p21 does not drive 
differentiation, but rather maintains precur- 
sor cells in a state that permits differentia- 
tion. In cultured mammalian cells and in 
mouse embryos, p21 is expressed in cells as 
they cease to and begin to dif- 
ferentiate (14). Thus, p21 is likely to func- 
tion in the developmental switch from pro- 
liferation to differentiation. 

Although p21 homologs have not yet 
been found in nonmammaliari species, ho- 
mologs of the cyclins and cyclin-dependent 
kinases have been found in Drosophila (15). 
The  ability of human p21 to inhibit Dro- 
sophila cells from entering S phase suggests 
that the mechanisms of inhibition of the 
cyclin-dependent kinases are general and 
conserved across species. Finally, the ability 
of human p21 to function in diverse species 
indicates its utilitv as an exoerimental tool 
for arresting the division of specific popula- 
tions of cells in vivo. 

REFERENCES AND NOTES 

1. S. Stroqe and W. B. Wood, Cell 35,15 (1 983); M. S. 
Rhyu, L. Y. Jan, Y. N. Jan, ibid. 76, 477 (1994); B. 
Bowerman, B. W. Draper, C. C. Mello, J. R. Preiss, 
ibid. 74, 443 (1 993). 

2. V. E. Foe, Development 107, 1 (1989). 
3. D. F. Ready, T. E. Hanson, S. Benzer, Dev. Biol. 53, 

21 7 (1 976). 
4. J. A. Campos-Ortega, in Current Topics in Develop- 

mentalBiology, A. A. Moscona and A. Monroy, Eds. 
(Academic Press, NewYork, 1980), vol. 15, pp. 347- 
371. 

5. T. Wolff and D. F. Ready, Development 113, 841 
( I  991). 

6. , ibid., p. 825. 
7. A. Noda,Y. Ning, S. F.Venable, 0. M. Pereira-Smith, 

J. R. Smith, Exp. Cell. Res. 21 1, 90 (1 994); J. W. 
Harper, G. R. Adami, N. Wei, K. Keyomarsi, S. J. 
Elledge, Cell 75, 805 (1 993); Y. Xiong eta/., Nature 
366, 701 (1 993). 

8. W. S. El-Deiry eta/. , CeN 75, 81 7 (1 993). 
9. B. A. Hay, T. Wolff, G. M. Rubin, Development 120, 

2121 (1994); M. C. Ellis, E. M. O'Neill, G. M. Rubin, 
ibid. 11 9, 855 (1 993). 

10. The p21 complementary DNA (cDNA) contains se- 
quences from 1 to 2005 base pairs (8) cloned into 
the Stu I site ofpGMR. Nine independent transgenic 
lines were generated. Flies with two or more copies 
of the GMRp21 transgene displayed rough eyes and 
lacked the second mitotic wave. Most experiments 
were conducted with GMRp21B flies, which were 
heterozygous for a chromosome bearing two inde- 
pendent integrations of the transgene. 

11. J. C. de Nooij and I. K. Hariharan, unpublished data. 
12. S. Robinow and K. White, Dev. Biol. 126,294 (1 988). 
13. B. J. Thomas, D. A. Gunning, J. Cho, S, L. Zipursky, 

Cell 77, 1003 (I 994). 
14. 0 .  Halevy et a/., Science 267, 1018 (1995); H. Jiang 

etal., Oncogene 9, 3397 (1994); S. B. Parker et a/., 
Science 267, 1024 (1 995). 

15. C. F. Lehner and P. H. O'Farrell, EMBO J. 9, 3573 
(1990); J. Jimenez, L. Alphey, P. Nurse, D. M. Glov- 
er, ibid., p. 3565; C. F. Lehner and P. H. O'Farrell, 
Cell 56, 957 (1 989); ibid. 61 , 535 (1 990); W. G. F. 
Whitfield, C. Gonzalez, G. Maldonado-Codina, D. M. 
Glover, EMBO J. 9, 2563 (1990). H. E. Richardson, 

L. V. O'Keefe, S. I. Reed, R. Saint, Development 11 9, 
673 (1 993). 

16. To visualize nuclei in S phase, we dissected third- 
instar larval discs in Schneider's medium; the discs 
were incubated in BrdU (0.3 mg/ml) for 1 hour at 
20°C, washed, fixed in 4% paraformaldehyde in 
PEM [0.1 M Pipes (pH 7.0), 1 mM EGTA, and 2 mM 
MgSO,] [B. E. Kimmel, U. Heberlein, G. M. Rubin, 
Genes Dev. 4, 712 (1990)l for 30 min at 20°C, 
washed in phosphate-buffered saline with 0.3% 
Triton X-100 (PBT) andincubated in 2 M HCI in PBT 
for 30 min at 20°C, washed in PBT again, incubat- 
ed overnight in anti-BrdU (Becton-Dickinson, 
1 :I OO), and then visualized by histochemical stain- 

ing [A. Tomlinson and D. F. Ready, Dev. Biol. 120, 
336 11 987)) - \ ~ - , .  

17. I. K. Hariharan etal., EMBO J. 14, 292 (1 995). 
18. We thank J. Koh for thep27 cDNA, B. Dynlacht for 

anti-p21, the G. M. Rubin laboratory for anti-elav, R. 
Cagan for the enhancer trap line P I  91, E. Seling for 
help with the SEM, R. Simmons for technical assis- 
tance, and B. Dynlacht, B. Hay, U. Heberlein, R. 
Singh, J. Treisman, J. Vize, and T. Wolff for com- 
ments. Supported by grants from the American Can- 
cer Society (DB-75) and the G. Harold and Leila Y. 
Mathers Charitable Foundation 

27 July 1995; accepted 17 October 1995 

Lymphoproliferative Disorders with Early 
Lethality in Mice Deficient in Ctla-4 

Paul Waterhouse, Josef M. Penninger, Emma Timms, 
Andrew Wakeham, Arda Shahinian, Kelvin P. Lee, 
Craig €3. Thompson, Henrik Griesser, Tak W. Mak" 

The role of the cell-surface molecule CTLA-4 in the regulation of T cell activation has been 
controversial. Here, lymph nodes and spleens of CTLA-4-deficient mice accumulated T 
cell blasts with up-regulated activation markers. These blast cells also infiltrated liver, 
heart, lung, and pancreas tissue, and amounts of serum immunoglobulin were elevated. 
The mice invariably became moribund by 3 to 4 weeks of age. Although CTLA-4-deficient 
T cells proliferated spontaneously and strongly when stimulated through the T cell re- 
ceptor, they were sensitive to cell death induced by cross-linking of the Fas receptor and 
by gamma irradiation. Thus, CTLA-4 acts as a negative regulator of T cell activation and 
is vital for the control of lymphocyte homeostasis. 

T h e  CTLA-4 receptor has been postulated 
to play a regulatory role in T cell activation 
largely on  the basis of its similarity to the 
costimulatory receptor CD28 (1 ). Mouse, 
Ctla-4 complementary DNA (2) is 76% 
identical in sequence'to CD28, and both are 
located in close proximity on  chromosome 1 
(3). CD28 is found on essentially all resting 
T cells and can augment the response of 
antigen-activated T cells (1). In contrast, 
CTLA-4 is not expressed on  resting T cells 
but is detectable on activated T cells after 
antigen activation (4). Although a role for 
CD28 in augmenting T cell-dependent re- 
sponses is well established, antibody block- 
ing or cross-linking of CTLA-4 has yielded 
contradictory results ( 4 , 5 ) .  Interpretation of 
these studies is complicated by the fact that 
CD28 and CTLA-4 bind to the same ligands 
B7-1 (CD80) and B7-2 (CD86) (6). The 
shared ligands and the complex expression 
patterns of both receptors and ligands make 

P. Waterhouse. J. M. Penninaer. E. Timms. A. Wakeham. 

it difficult to address definitively the role of 
CTLA-4. Here, we show that gene-targeted 
mice lacking CTLA-4 progressively accumu- 
late T cell blasts, which indicates that 
CTLA-4 is a negative regulator. 

A gene-targeting construct (Fig. I A )  was 
generated (7). The construct was electropo- 
rated into El4 embryonic stem (ES) cells, the 
targeted ES clones (Fig. IB) injected into 
C57BL16 blastocysts, and the resulting chime- 
ras bred to C57BL/6 females. Tail DNA of 
agouti pups showed transmission of the target- 
ed allele (Fig. IB). T cells were double-stained 
for a p  T cell receptor (TCRaP) and either 
CTLA-4 or one of the activation markers 
CD25, CD44, or CD69. Activated T cells 
from Ctla-4-I- mice do not express Ctla-4 but 
had high levels of expression of these activa- 
tion markers (Fig. 1C). 

Mice heterozygous for the Ctla-4 muta- 
tion appeared normal. Homozygous mice 
were born at the expected Mendelian fre- 
quency and appeared healthy at birth. How- 
ever. bv 2 weeks of ace thev became sick and , , 
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K. P. Lee and C. B. Thompson, Howard Hughes Medical crease in the number of lymphocytes (Table 
Institute, Gwen Knapp Center, University of Chicago, 
Chicago, IL , 60637, USA. 1). Histology revealed extensive accumula- 
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Fig. 1. Disruption of the 
murine Ctla-4 gene. (A) 
The map shows the or- 
ganization of the Ctla-4 
gene (top), the targeting 
construct (middle) (24), 
and the targeted allele 
(bottom). Restriction sites 
are Bam HI (B), Eco RI (E), 
Hind I l l  (H), Not I (N), and 
Xho I (X). (B) Southem 
(DNA) blot analysis of Eco 
RI-digested DNA from 

E HB H E X 

4 

I = 
Probe 

parental E l  4 ES cells and a CTLA-4-targeted ES cell ES lines Tail DNA 
line (C) and of tail DNAfrom wild-type (+/+), heterozy- El 4 C +I+ +I- -1- 20 
gous (+/-), and homozygous (-/-) mice. The blot - - 

a 9 6.0 
"4 , , ,-,,A ;:- 
0 

was probed with the Ssp I-Spe I flanking probe indi- m r w -- 4.9 
100 10' l o 2  103 104 100 10' 102 103 104 

cated in (A). The endoqenous allele has a molecular CD44 CD69 

slze of 4.9 kb, and the targeted allele a sizeof 6.0 kb (as 
indicated). (C) Fluorescence-activated cell sorting (FACS) analysis of activation 
markers and CTLA-4 surface expression on in vitrostimulated T cells after 4 
days of treatment (25). Histograms of live gated TCRuP' cells are shown. In all 
panels, staining of Ctla-4 +'+ cells is shown as a line and staining of Ctla-4'- 
cells as a filled curve. In (D) through (G), histological (hematoxylin and eosin) 
staining of organs from a 28-day-old Ctla-4-' mouse is shown. Size bars are 50 
pm [(D), (Q, (F), and (G)] and 10 pm (inset). (D) Thymus lacking cortico-medullary 
compartmentalization. Small and medium-sized lymphocytes with sometimes 
prominent nucleoli can be seen. Mitotic figures as well as apoptotic cells are 
present (inset). (E) Spleen. Remnants of the splenic red pulp are present (upper 
left). The white pulp is largely extended and infikrated by lymphocytes and 
intermingled or loosely aggregated blast cells. (F) Myocardium with ill-defined 
edematous areas containing fibroblast proliferations, neutrophils, macrophages, 
few lymphocytes, and blast cells. (G) Lung tissue with regular respiratory lining 
epithelium and extensive submucosal and perivascular lymphocellular infiltrates. 
Sheets of plasma cells (center) are surrounded by small and medium-sized 
lymphocytes as well as occasional blast cells. Histologic changes in general were 
more pronounced in older mice. 

partmentalization of the thymus and zonal 
distribution of T cell- and B cell-dependent 
areas in the spleen and lymph nodes (Fig. 1, 
D and E). Diffuse and focal lymphocyte 
infiltration was prominent in heart, lung, 
bone marrow, liver, and pancreas tissue but 
not in the kidneys (Fig. 1, F and G )  (8). 
Fresh and older myocardial infarctions were 
prominent, with granular tissue formation. 
These mice probably die of myocardial fail- 
ure as a result of these lesions. 

We analyzed the phenotypes of thymo- 
cytes (9) and peripheral T cells. The surface 
markers on TCRaP T cells isolated from 
enlarged lymph nodes showed up-regulation 
of the activation markers CD44 and CD25 
[interleukin-2 receptor a (IL-2Ra)] and 
down-regulation of MEL-14 (Fig. 2A). In- 
creased expression levels were also seen for 
the CD5, CD28, and CD69 molecules on 
Ctla-4-I- T cells in lymph node and spleen 
(10). Both CD4 and CD8 populations con- 
tained activated cells and showed no 
change in the CD4/CD8 ratio (10). The 
TCRap profiles in the bone marrow of 
Ctla-4-I mice showed massive expansion 
of activated T cells (Fig. 2B). The relative 
percentages of Vp6-, V,8-, V,14-, and V,2- 
positive T cells in Ctla-4-deficient animals 
was similar to that in littermates ( lo),  

which suggests that the increase in lympho- 
cytes was not a clonal expansion of a small 
portion of the T cell repertoire. 

B cells from lymph node and spleen also 
showed in vivo activation with up-regulation 
of B7-2, but not B7-1, molecules (Fig. 3A) (6, 
1 1). The Fas antigen and CD5 were up-regu- 
lated on B cells from Ctlad-I- mice (1 2, 13). 
An expanded population of activated B cells 
is also consistent with higher basal serum 
immunoglobulin (Ig) levels seen in Ctla-4-I- 
mice (Fig. 3B). All of the Ig subtypes mea- 
sured showed higher serum levels in Ctla-4-l- 
mice, ranging from 10-fold for IgGZa, IgGZb, 
IgG3, and IgM, to 100-fold for IgGl and IgA, 
to several thousandfold for IgE. 

Ex vivo lymphocytes from Ctla-4-I- 
mice proliferated in amounts equal to those 
in littermate controls in response to treat- 
ment with concanavalin A (Con A). T 
cells from Ctla-4-I- mice, however, exhib- 
ited consistently higher proliferation rates 
in response to soluble antibody to CD3 
(anti-CD3) or soluble anti-TCRap (Fig. 
4A). Purified T cells from Ctla-4-'- mice 
also displayed spontaneous proliferation in 
medium alone (Fig. 4A, inset), which de- 
clined after 24 hours (14). Thus, ex vivo 
spontanous proliferation reflects in vivo 
lymphoproliferation in Ctla-4-I- mice. 

These data imply that Ctla-4-I- T cells 
have a less stringent requirement for prolif- 
eration in response to stimuli that either 
activate or mimic T cell receptor signals. 

Activated T cells are susceptible to Fas 
receptor-induced apoptosis (15). We ana- 
lyzed the susceptibility of freshly isolated 
lymph node T cells to Fas cross-linking. 
Our results show that ex vivo T cells from 
Ctla-4-1- mice were still susceptible to 
Fas-mediated cell death in the presence or 

Table 1. Increase in size and lymphycyte num- 
bers of lymph nodes and spleens of Ctla-4-/- 
mice. The organs were isolated from 4-week-old 
littermates and pooled and the weight and lym- 
phocyte number per animal determined (n = 4, 
Ctla-4+'+; n = 6,  Ctla-4 ' I - ) .  The weights and cell 
numbers for two individual Ctla-4-I- mice are 
shown. 

Wet weight (mg) Lymphocytes 

Geno- (1 07) 

tY Pe 
Spleen z'g: Spleen nodes 
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Fig. 2. FACS analysis of surface markers on T 
lymphocytbs from the lymph nodes of 24-day-old 
Ctla-4-/- (-/-) and wild-type (+/+) Ilttermates. 
(A) Lymph node cells were double-stained with 
antl-TCRoip (FITC) and either anti-CD44 (PE), an- 
t~-MEL-14 (PE), or anti-IL-2Roi (blotln) (10). Stain- 
ing combinations are indicated; cells analyzed are 
shown in side (SSC) and forward (FSC) scatter 
profiles. These prof~les also show the increased 
proportion of blast cells in Ctla-4-'- mice. (B) 
Stalning profile of lymphocytes In the bone mar- 
row of 24-day-old mice. Cells were double- 
stained with anti-TCRap (PE) and anti-B220 
(FITC) (10). The percent of analyzed cells is shown 
in each auadrant. 

absence of anti-CD3 plus IL-2 (16). In 
vitro-stimulated T cells from Ctla-4+/+ 
and Ctla-4-I- mice also disolaved the 
same kinetics of survival whencuitured in 
media alone (17). In addition, 1 to 10 Gy 
(gray) of gamma irradiation (18) produced 
similar decreases in mitogen-induced pro- 
liferation of T cells in mutant, heterozy- 
gote, and wild-type littermates (Fig. 4B). 
These results indicate that CTLA-4 has 
no obligatory function in cell death in- 
duced by either Fas or DNA damage. 

It has been difficult to determine conclu- 
sivelv whether CTLA-4 functions as a co- 
stimulatory molecule or a negative regulator 
of T cell activation (1-6). Here, T cells from 
Ctla-4 mutant animals were activated and 
proliferated in vivo. Thus, CTLA-4 plays an 
important role in regulating T cells that are 
continuously activated as well as in lympho- 

Fig. 3. Activation of B cells. (A) Cells isolated from lymph node were stained wlth anti-B220 (FITC) and 
antibodies to either B7-1 or B7-2 (PE) (10). Histograms of B220+ cells are shown. (B) Elevated basal 
levels of Igs in Ctla-4-/- mlce. Specific Ig levels in sera from individual 4-week-old littermates were 
determined as described (7). Two mice from each group were analyzed in duplicate. Triangles, Ct la-4/- 
mice; squares, Ctia-4+/+ mice. 
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Fig. 4. In vitro proliferative responses. (A) Lymphocytes Isolated from lymph nodes of CTLA-4+/+ (sol~d 
bars), CTLA-4+' (hatched bars), or CTLA-4-I- (open bars) littermates were cultured for 48 hours in 
medium alone or in medium containing anti-TCRap (1 pg/ml), anti-CD3 (1 ~g/ml) ,  Con A (2.5 ~g/ml) ,  or 
phorbol 12-myristate 13-acetate (PMA) (1 2 ng/ml) and calcium lonophore (lono.) A2361 7 (50 ng/ml). Cells 
were pulsed with 1 pCi of PH]thym~din,efor 8 hours. (Inset) Proliferation of exvivo CTM-4-/- Tcells. Tcells 
from the lymph nodes of 3-week-old CTLA-4-I-, CTLA-4+/-, or CTLA-4+/+ littermates were cultured in 
medium alone (4 hours, 37°C) and then pulsed with [3H]thymidine. (B) Responses of CTLA-4-/- T cells to 
gamma Irradiation. T cells from CTLA-4-'- mice or wild-type (+/+) or heterozygous (+/-) littermates were 
irradiated with 0 Gy (1); 1 Gy (2); 2 Gy (3); 5 Gy (4); or 10 Gy (5) and cultured for 72 hours with anti-CD3 (1 
Fg/ml) and IL-2 (20 U/ml). Cells were pulsed with [3H]thymidine. 

cyte expansion. These data, together with 
the finding that CD28-deficient animals are 
nonresponsive to certain antigen stimulation 
(7), clearly demonstrate that although CD28 
augments immune responses, its structurally 
related counterpart CTLA-4 acts as a nega- 
tive regulator of T cells. 

L, 

Our data do not preclude a role for 
CTLA-4 in thymic selection. CD28 can pro- 
vide a cost~mulatory signal for TCRaP-medi- 
ated apoptosis of CD4+CD8+ immature thy- 
mocytes (1 9), and expression of B7 ligands on 
thymic epithelial cells is correlated with the 
functional ability of these cells to mediate 
positive or negative selection (20). Howeveb 
the development of thymocytes is normal in 
CD28-I- (7) and B7-1-I- mice (1 1), and T 
cell selection could not be blocked by inhib- 
iting CD28-B7 costimulatory signals in nor- 
mal mice (21). In addition, expression of 
CTLA-4 is not detectable in thymocytes (22). 

The marked infiltratlon of lymphocytes 
into various organs of Cth-4-I- mice is rem- 
iniscent of lymphoproliferative disease. A 
similar but less severe lymphoproliferation can 
be observed in mice with a mutation in Fas 
(12). Interestingly, we found no obligatory 
involvement of CTLA-4 in cell death in- 
duced by Fas or irradiation. The recent report 
that T G F P P i  (transforming growth factor P) 
mice also develop lymphoproliferative disor- 
ders (23) indicates that there are multiple 
mechanisms that coordinatelv work to nepa- 
tively regulate lymphocyte expansion. &r 
data show that CTLA-4 is a key molecule in 
the regulation of lymphocyte homeostasis. 
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A blood donor infected with human immunodeficiency virus-type 1 (HIV-1) and a cohort 
of six blood or blood product recipients infected from this donor remain free of HIV-1- 
related disease with stable and normal CD4 lymphocyte counts 10 to 14 years after 
infection. HIV-1 sequences from either virus isolates or patient peripheral blood mono- 
nuclear cells had similar deletions in the nef gene and in the region of overlap of nef and 
the U3 region of the long terminal repeat (LTR). Full-length sequencing of one isolate 
genome and amplification of selected HIV-1 genome regions from other cohort members 
revealed no other abnormalities of obvious functional significance. These data show that 
survival after HIV infection can be determined by the HIV genome and support the 
importance of nef or the U 3  region of the LTR in determining the pathogenicity of HIV-1. 
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