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try and 100% of whom were of other ethnic back- 
grounds. The stop codon mutation was screened in 
70 Finnish EPM1 carrier parents. All 70 of these 
individuals contained the common ancestral haplo- 
type around the EPM1 locus on one of their chromo- 
somes. To distinguish mutations from polymor- 
phisms, we considered only the nonancestral haplo- 
type chromosome of these 70 individuals. DNA from 
these individuals was amplified by PCR, and the 
products were directly sequenced with the Ampli- 
Cycle sequencing kit (Perkin-Elmer). 
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Enhancement of Antitumor Immunity 
by CTLA-4 Blockade 

Dana R. Leach, Matthew F. Krummel, James P. Allison* 

One reason for the poor immunogenicity of many tumors may be that they cannot provide 
signals for CD28-mediated costimulation necessary to fully activate T cells. It has recently 
become apparent that CTLA-4, a second counterreceptor for the B7 family of costimu- 
latory molecules, is a negative regulator of T cell activation. Here, in vivo administration 
of antibodies to CTLA-4 resulted in the rejection of tumors, including preestablished 
tumors. Furthermore, this rejection resulted in immunity to a secondary exposure to tumor 
cells. These results suggest that blockade of the inhibitory effects of CTLA-4 can allow 
for, and potentiate, effective immune responses against tumor cells. 

Despite expressing antigens recognizable 
by a host's immune system, tumors are very 
poor in initiating effective immune respons- 
es. One reason for this poor immunogenic- 
ity may be that the presentation of antigen 
alone is insufficient to activate T cells. In 
addition to T cell receptor engagement of 
an antigenic peptide bound to major histo- 
compatibility complex (MHC) molecules, 
additional costimulatory signals are neces- 
sary for T cell activation (1). The most 
important of these costimulatory signals ap- 
pears to be provided by the interaction of 
CD28 on T cells with its primary ligands 
B7-1 (CD80) and B7-2 (CD86) on the 
surface of specialized antigen-presenting 
cells (APCs) (2-4). Expression of B7 co- 
stimulatory molecules is limited to special- 
ized APCs. Therefore, even though most 
tissue-derived tumors may present antigen 
in the context of MHC molecules, they may 
fail to elicit effective immunity because of a 
lack of costimulatory ability. Several studies 
support this notion. In a variety of model 
systems, transfected tumor cells expressing 
costimulatory B7 molecules induced potent 
responses against both modified and un- 
modified tuLmor cells (5-8). It appears that 

Cancer Research Laboratory and Department of Molec- 
ular and Cell Biology, University of California, Berkeley, 
CA 94720, USA. 
*To whom correspondence should be addressed. 

tumor cells transfected with B7 are able to 
behave as APCs, presumably allowing di- 
rect activation of tumor-specific T cells. 

Recent evidence suggests that costimu- 
lation is more complex than originally 
thought and involves competing stimulato- 
ry and inhibitory signaling events (3, 
9-12). CTLA-4, a homolog of CD28, binds 
both B7-1 and B7-2 with affinities much 
greater than does CD28 (13-16). In vitro, 
antibody cross-linking of CTLA-4 has been 
shown to inhibit T cell proliferation and 
interleukin-2 production induced by anti- 
body to CD3 (anti-CD3), whereas blockade 
of CTLA-4 with soluble intact or Fab frag- 
ments of antibody enhances proliferative 
responses (17, 18). Similarly, soluble intact 
or Fab fragments of anti-CTLA-4 greatly 
augment T. cell responses to nominal pep- 
tide antigen or the superantigen Staphylo- 
coccus enterotoxin B in vivo (1 9, 20). It has 
also been suggested that CTLA-4 engage- 
ment can induce apoptosis in activated T 
cells (21). Finally, mice deficient in 
CTLA-4 exhibit severe T cell proliferative 
disorders (22). These results demonstrate 
that CTLA-4 is a negative regulator of T 
cell responses and raise the possibility that 
blockade of inhibitory signals delivered by 
CTLA-4-B7 interactions might augment T 
cell responses to tumor cells and enhance 
antitumor immunity. 

We first sought to determine whether 
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Fig. 1. Treatment with anti-CTLA-4 accelerates 
rejection of a B7-1 -positive colon carcinoma (23). 
A volume of 100 lI of cell suspension (4 x 106 
cells) was injected subcutaneously into the left 
flanks of groups of five female BALB/c mice. Two 
of the groups received three intraperitoneal injec- 
tions of either anti-CTLA-4 or anti-CD28 (18). In- 
jections of 100, 50, and 50 pLg of antibody were 
given on days 0, 3, and 6, respectively, as indicat- 
ed by the arrows. Control animals received no 
injections. Data points represent the average of 
the products of bisecting tumor diameters. Error 
bars represent standard error of the mean. 

CTLA-4 blockade with nonstimnulatory, biva- 
lent antibody (18, 20) would accelerate re- 
jection of B7-positive tumor cells. Previously, 
we showed that B7-1 expression was partially 
successful at inducing rejection of the trans- 
plantable murine colon carcinoma 51 BLimlI 0 
(23). We reasoned that CTLA-4 blockade 
would remove inhibitory signals in the co- 
stimulatory pathway, resulting in enhanced 
rejection of the tumor cells. We injected 
groups of BALB/c mice with B7-1-trans- 
fected 5 lBLimlO tumor cells (B7-5 1BLiml0) 
(23). Two groups were treated with a series of 
intraperitoneal injections of either anti- 
CTLA-4 or anti-CD28 (18, 24). Treatment 
with anti-CTLA-4 inhibited B7-51BLimlO 
tumor growth as compared with the anti- 
CD28-treated mice or the untreated controls 
(Fig. 1). All mice in the untreated and anti- 
CD28-treated groups developed small tumors 
that grew progressively for 5 to 10 days and 
then ultimately regressed in 8 of the 10 mice 
by about day 23 after injection. The two small 
tumors that did not regress remained static for 
more than 90 days. In contrast, tlhree of five 
mice treated witlh anti-CTLA-4 developed 
very small tumors, all of which regressed com- 
pletely by day 17. Although these results were 
encouraging and were consistent with our 
hypothesis, tlley were not very dramatic be- 
cause B7-1 expression resulted in fairly rapid 
rejection of transfected 51BLimlO cells even 
in the absence of CTLA-4 blockade; howev- 
er, these results confirmed that anti-CTLA-4 
did not inhibit tumor rejection. 

WXe next examined the effects of 
CTLA-4 blockade on the growth of 
V51BLiml1O, a vector control tumor cell 
line that does not express B7 (23). All mice 
either injected with 4 x 10o6 V51BLiml1O 
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Fig. 2. Treatment with anti-CTLA-4 enhances rejection of B7-negative colon carcinoma 200 D 
cells and results in protection against subsequent challenge with wild-type colon carci- _- V5IBLIm*Oe 
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noma cells. Groups of BALB/c mice were injected with B7-negative 51 BLimi10 vector e 15 Anti-CTLA-4 1 
control cells (V51 BLim1 0), left untreated, or treated with anti-OTLA-4 or control antibody. E 150 -e- Challenge only X 

Mice were euthanized when tumors reached a size of 200 mm2 or became ulcerated. If 2 125 
individual mice within a group were euthanized, the final measurement was carried over to en - 
subsequent time points. (A) Average tumor size in mice injected with 4 x 1 Q6 tumor cells. 0 100 l 
Groups of five mice were injected with 4 x 1 Q6 V51 BLim1 0 tumor cells. Treated groups s 75- 
were injected three times with 100 pFg of anti-OTLA-4 or anti-0D28 as indicated by the 0>5 

50- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 5 

arrows. All untreated control and anti-0D28-treated mice were killed by day 35. Mice <,2 
treated with anti-CTLA-4 remained tumor-free for more than 90 days. Error bars repre- Q 0 
sent standard error of the mean. (B) Average tumor size in mice injected with 2 x 1 6 0 
V51 BLim1 0 tumor cells. Two groups of five mice were injected with tumor cells and i_______________i _______ 
treated as above with anti-CTLA-4 or irrelevant hamster antibody. (C) Individual tumor 10 15 20 25 30 35 40 45 50 55 
growth in mice injected with 2 x 16 V51 BLim0 cells and treated with anti-CTLA-4. Days after secondarychallenge 
Three of the mice remained tumor-free beyond 80 days. (D) Challenge tumor growth in 
anti-CTLA-4-treated mice. Five anti-CTLA-4-treated mice that had completely rejected V51 BLim20 tumor cells were rechallenged 70 days later with 4 x 1 D6 

wild-type tumor cells injected subcutaneously in the opposite flank. Five na5ve mice were also injected as controls. All control mice developed progressively 
growing tumors and were euthanized on day 35 after inoculation. Three of five previously immunized mice remained tumor-free 70 days after rechallenge. 

tumor cells and left untreated, or treated 
with anti-CD28, developed progressively 
growing tumors and required euthanasia by 
35 days after inoculation (Fig. 2A). In con- 
trast, all mice treated with anti-CTLA-4 
completely rejected their tumors after a short 
period of limited growth. Similarly, control 
mice injected with 2 x 106 tumor cells 
developed rapidly growing tumors and re- 
quired euthanasia by day 35 (Fig. 2B). Anti- 
CTLA-4 treatment had a dramatic effect on 
tumor growth, but one mouse did develop a 
tumor quickly (accounting for a majority of 
the growth indicated in Fig. 2B) and another 
developed a tumor much later (Fig. 2C). 
Anti-CTLA-4 appeared to be less effective 
at a tumor dose of 1 x 106 cells, where 
treatment resulted in significantly reduced 
tumor growth rates, but four of five mice 
developed progressively growing tumors 
(25). Thus, although curative responses were 
not obtained in all cases, it is clear that 
CTLA-4 blockade significantly enhanced 
rejection of B7-negative tumor cells. 

We next sought to determine whether 
tumor rejection as a consequence of 
CTLA-4 blockade was associated with en- 
hanced immunity to a secondary challenge. 
Mice that had rejected V51BLimlO tumor 
cells as a result of treatment with anti- 
CTLA-4 were challenged with 4 X 106 wild- 
type 51BLimlO cells 70 days after their ini- 

tial tumor injections. These mice showed 
significant protection against a secondary 
challenge as compared with naive controls 
(Fig. 2D). All control animals had progres- 
sively growing tumors by 14 days after injec- 
tion, developed massive tumor burdens, and 
required euthanasia by day 35. Only one of 
the previously immunized mice had a detect- 
able tumor by day 14, and growth of this 
tumor was very slow. Ultimately, two more 
tumors developed in the immunized mice 42 
days after challenge. Two mice remained 
tumor-free throughout the course of the ex- 
periment. These results demonstrate that tu- 
mor rejection mediated by CTLA-4 block- 
ade results in immunologic memory. 

To determine whether anti-CTLA-4 
treatment could have an effect on the 
growth of established tumors, we injected 
groups of mice with 2 x 106' wild-type 
51BLimlO tumor cells and treated them 
with anti-CTLA-4 beginning on day 0 as 
before, or beginning 7 days later at which 
time most mice had palpable tumors. Mice 
treated with anti-CTLA-4 at either time 
period had significantly reduced tumor 
growth compared with untreated controls 
(Fig. 3). In fact, delaying treatment ap- 
peared to be more effective, with two of five 
mice remaining tumor-free beyond 30 days 
after inoculation. 

The effects of anti-CTLA-4 treatment 
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Fig. 3. Treatment with anti-CTLA-4 reduces the 
growth of established tumor. Groups of mice were 
injected subcutaneously with 2 x 1 06 51 BLiml 0 
tumor cells. Control animals (n = 10) were injected 
intraperitoneally with 100 ig of irrelevant hamster 
antibody on days 0, 3, 6, and 9, as indicated by 
the upward-pointing arrows. One anti-CTLA-4 
treatment group (n = 10) received intraperitoneal 
injections on the same days. The other treated 
mice (n = 5) were given intraperitoneal injections 
of anti-CTLA-4 beginning on day 7 and subse- 
quently on days 10, 13, and 16 (downward-point- 
ing arrows). 

were not limited to variants of the murine 
colon carcinoma 51BLimlO. Similar results 
were obtained with a rapidly growing fibro- 
sarcoma of A/JCr mice, SaiN (26) (Fig. 4). 
All control mice injected subcutaneously 
with 1 X 106 SaiN cells developed measur- 
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Fig. 4. Treatment with anti-CTLA-4 reduces the 
growth of the murine fibrosarcoma Sal N. Groups 
of five mice were injected subcutaneously in the 
flank with a suspension of 1 x 1 06 Sal N fibrosar- 
coma cells. Treated groups were injected intra- 
peritoneally with 100 Vg of anti-CTLA-4 or irrele- 
vant hamster control antibody at days 0, 3, and 6 
as indicated by the arrows. All control animals 
were killed by day 30. Two of five animals treated 
with anti-CTLA-4 remained tumor-free at day 55. 

able, rapidly growing tumors within 7 days, 
whereas only two mice treated with anti- 
CTLA-4 had tumors by day 30, and one 
additional mouse developed a tumor around 
day 40 after injection. The remaining mice 
were still tumor-free 70 days after injection. 
In another experiment, control mice inject- 
ed with 4 X 105 SaiN tumor cells also 
developed rapidly growing tumors, whereas 7 
of 10 mice treated with anti-CTLA-4 were 
tumor-free by day 25 after injection (25). 

Our results indicate that removing in- 
hibitory signals in the costimulatory path- 
way can enhance antitumor immunity. Al- 
though it has been shown that anti- 
CTLA-4 interferes with signals that nor- 
mally down-regulate T cell responses in 
vivo (17, 18), the exact mechanisms of 
antitumor immunity elicited by CTLA-4 
blockade are not clear. In the case of B7- 
negative tumors, antigens are most likely 
transferred to and presented by host APCs 
(27), where CTLA-4 blockade might effect 
T cell responses in two nonexclusive ways. 
First, removal of inhibitory signals may low- 
er the overall threshold of T cell activation 
and allow normally unreactive T cells to 
become activated. Alternatively, CTLA-4 
blockade might sustain proliferation of ac- 
tivated T cells by removing inhibitory sig- 
nals that would normally terminate the re- 
sponse, thus allowing for greater expansion 
of tumor-specific T cells. 

Regardless of the mechanism, it is clear 
that CTLA-4 blockade enhances antitumor 
responses. Most importantly, we have ob- 
served these effects against unmanipulated, 
wild-type tumors. Current methods of en- 
hancing antitumor immunity generally re- 
quire the engineering of tumor cells (8). 
Some of these methods, such as the induc- 
tion of B7 expression, rely on enhancing the 
costimulatory activity of the tumor cells 

themselves. Others, such as engineering tu- 
mor cells to express MHC class II molecules 
(26, 28, 29) or to produce granulocyte-mac- 
rophage colony-stimulating factor (27, 30, 
31) or pulsing dendritic cells with tumor 
antigen ex vivo (32, 33), seek to enhance 
antigen presentation, antigen transfer, or 
both. Thus, CTLA-4 blockade, by removing 
potentially competing inhibitory signals, 
may be a particularly useful adjunct to other 
therapeutic approaches involving the co- 
stimulatory pathway. 

REFERENCES AND NOTES 

1. D. L. Mueller, M. K. Jenkins, R. H. Schwartz, Ann. 
Rev. ImMUnol. 7, 445 (1989). 

2. P. S. Linsley and J. A. Ledbetter, ibid. 11, 191 (1993). 
3. C. H. June, J. A. Bluestone, L. M. Nadler, C. B. 

Thompson, ImmLInol. Today 15, 321 (1994). 
4. J. P. Allison, Curr. Opin. Immunol. 6, 414 (1994). 
5. L. Chen, S. Ashe, W. A. Brady, I. Hellstrom, K. E. 

Hellstrom et al., Cell 71, 1093 (1992). 
6. S. E. Townsend and J. P. Allison, Science 259, 368 

(1993). 
7. S. Baskar et al., Proc. Nat!. Acad. Sci. U.S.A. 90, 

5687 (1993). 
8. J. P. Allison, A. A. Hurwitz, D. R. Leach, Curr. Opin. 

Immunol. 7, 682 (1995). 
9. M. K. Jenkins, Immunity 1, 443 (1994). 

10. J. A. Bluestone, ibid. 2, 555 (1995). 
11. P. S. Linsley, J. Exp. Med. 182, 289 (1995). 
12. J. P. Allison and M. F. Krummel, Science 270, 932 

(1995). 
13. J. F. Brunet et al., Nature 328, 267 (1987). 
14. K. Harper et al., J. Immunol. 147, 1037 (1991). 
15. P. S. Linsley etal., J. Exp. Med. 174, 561 (1991). 
16. P. S. Linsley et al., Immunity 1, 793 (1994). 
17. T. L. Walunas et al., ibid., p. 405. 
18. M. F. Krummel and J. P. Allison, J. Exp. Med. 182, 

459 (1995). Antibodies used in these studies were 

protein G-purified from hybridoma supernatants and 
quantified by ultraviolet spectrophotometry. 

19. E. R. Kearney et al., J. Immunol. 155, 1033 (1995). 
20. M. F. Krummel, T. J Sullivan, J. P. Allison, Int. Im- 

munol., in press. 
21. J. G. Gribben et al., Proc. Natl Acad. Sci. U.S.A. 92, 

811 (1995). 
22. P. Waterhouse et al., Science 270, 985 (1995). 
23. S. E. Townsend, F. W. Su, J. M. Atherton, J. P. Allison, 

Cancer Res. 54, 6477 (1994). 51 BLiml 0 colon carci- 
noma cells were transfected with a plasmid construct 
containing the gene for murine B7-1 and cloned by 
limiting dilution. Fresh cultures of tumor cells were 
established from early passage frozen stocks and 
maintained in culture for no more than 30 days before 
use. Tumor cells were harvested by trypsinization 
from tissue culture plates, washed three times in se- 
rum-free medium, and suspended at 4 x 107 cells per 
milliliter. Expression of B7-1 molecules on transfected 
cells was verified by flow cytometry before injection. 
V51 BLim10 and wild-type 51 BLim10 tumor cells do 
not express detectable amounts of B7-1, B7-2, or 
CTLA-4 as determined by flow cytometric analyses. 

24. J. A. Gross, E. Callas, J. P. Allison, J. Immunol. 149, 
380 (1992). 

25. D. R. Leach, M. F. Krummel, J. P. Allison, data not 
shown. 

26. S. Baskar, L. Glimcher, N. Nabavi, R. T. Jones, S. 
Ostrand-Rosenberg, J. Exp. Med. 181, 619 (1995). 

27. A. Y. C. Huang et al., Science 264, 961 (1994). 
28. S. Ostrand-Rosenberg, A. Thakur, V. Clements, J. 

Immunol. 144, 4068 (1990). 
29. D. R. Leach and G. N. Callahan, ibid. 154, 738 

(1995). 
30. G. Dranoff et al., Proc. Natl. Acad. Sci. U.S.A. 90, 

3539 (1993). 
31. H. I. Levitsky, A. Lazenby, R. J. Hayashi, D. M. Par- 

doll, J. Exp. Med. 179,1215 (1994). 
32. V. Flamand et al., Eur. J. Immunol. 24, 605 (1994). 
33. S. Grabbe, S. Beissert, T. Schwarz, R. D. Granstein, 

Immunol. Today 16,117 (1995). 
34. We thank S. Ostrand-Rosenberg and R. Warren for 

providing tumor lines. Supported by NIH grants 
CA57986, CA09179, and CA40041. 

17 November 1995; accepted 16 January 1996 

Light-induced Degradation of TIMELESS and 
Entrainment of the Drosophila Circadian Clock 

Michael P. Myers, Karen Wager-Smith, 
Adrian Rothenfluh-Hilfiker, Michael W. Young* 

Two genes, period (per) and timeless (tim), are required for production of circadian 
rhythms in Drosophila. The proteins encoded by these genes (PER and TIM) physically 
interact, and the timing of their association and nuclear localization is believed to promote 
cycles of per and tim transcription through an autoregulatory feedback loop. Here it is 
shown that TIM protein may also couple this molecular pacemaker to the environment, 
because TIM is rapidly degraded after exposure to light. TIM accumulated rhythmically 
in nuclei of eyes and in pacemaker cells of the brain. The phase of these rhythms was 
differentially advanced or delayed by light pulses delivered at different times of day, 
corresponding with phase shifts induced in the behavioral rhythms. 

Circadian rhythms, found in most eu- 
karyotes and some prokaryotes (1), are 
-24-hour rhythms governed by an internal 
clock that functions autonomously but can 
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be entrained by environmental cycles of 
light or temperature. Circadian rhythms 
produced in constant darkness can also be 
reset by pulses of light. Such light pulses 
will shift the phase of the clock in different 
directions (advance or delay) and to a vary- 
ing extent in a manner that depends on the 
time of light exposure (2). 

In the fruit fly Drosophila melarnogaster, 
two genes, period (3) and timeless (4), are 
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