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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 87 family of costimu- 
latory molecules, is a negat~ve regulator of T cell activation. Here, in vivo administrat~on 
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 ilnlnL1ne 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- 
colnpatibillty complex (h1HC) molecules, 
additional costimulatory signals are neces- 
sary for T cell activation (1 ) .  The most , , 

important of these costim~~latory signals ap- 
pears to be provided by the interaction of 
CD28 on T cells with its primary ligands 
B7-I (CD80) and B7-2 (CD86) on the 
surface of specialized antige11-presentingg 
cells (APCs) (2-4). Expression of B7 co- 
stirnulatory inolecules is limited to special- 
ized APCs. Therefore, even though most 
tissue-derived tumors mav nresent antigen , . u 

in the context of MHC molecules, they may 
fail to elicit eftective iinmunitv because of a 
lack of costimulatory ability. Several studies 
support thls notion. In a variety of model 
systems, transfected tumor cells expressing 
costiinulatory B7 molecules induced votent 
responses against both lnodified slid un- 
modified tumor cells (5-8). It appearsthat 
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ular and Cell Biology, Uni\iersiy of Caliorna, Berkeley 
CA 94720, USA 

?To v!hom 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 Inore complex than originally 
thought and involves competing stimulato- 
ry and inhibitory signaling events (3 ,  
9-1 2) .  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 
sho~vn to mhibit T cell prollferatlon and 
interleukin-2 production induced by anti- 
bodr to CD3 (anti-CD3), whereas blockade 
of CTLA-4 \\.it11 soluble intact or Fab frag- 
rnents of antibody enhances proliferative 
responses (17, 18). Similarly, soluble intact 
or Fah fragments of anti-CTLA-4 greatly 
augment T cell responses to nominal pep- 
tide antigen or the superantigen Staphylo- 
coccus enterotoxin B in vivo (19, 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 exhlblt severe T cell proliferative 
disorders (22). These results demonstrate 
that CTLA-4 1s 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 deterrnille whether 

t t t Days after tumor injection 

Fig. 1. Treatment with ant-CTLA-I accelerates 
rejection of a B7-1 -positive colon carcinoma (23) 
A volume of I00 F I  of cell suspension (4 X 10" 
cells) was injected subcutaneously into the eft 
flanks of groups of five female BALB/c mice Two 
of the groups received three intraperitoneal injec- 
tions of either anti-CTLA-I or anti-CD28 (18) n-  
jections of 100, 50, and 50 pg of antibody were 
given on days 0, 3, and 6, respectvey, 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 reuresent standard error of the mean. 

CTLA-4 blockade with nonstimulatory, biva- 
lent antibody (18, 2C) mould accelerate re- 
jection of B7-positive tumor cells. Previously, 
nre showed that B7-I expression \\.as partially 
successf~~l at inducing rejection of the trans- 
plantable Inurine colon carcino~na ilBLinll0 
(23). WJe reasoned that CTLA-4 blockade 
nrould remove inhibitorv signals in the co- , " 

stirnulatory path~vay, resulting in enhanced 
rejection of the tumor cells. We mjected 
groupsof BALB/c Inice with B7-1-trans- 
fected 5 lBLiml0 tumor cells (B7-5 lBLiln10) 
(23). Two groups were treated with a series of 
intraperitoneal inlections of elther anti- 
CTLA-4 or anti-CD28 (18. 24). Treatment 
with anti-CTLA-4 inhibited B7-5lBLimlO 
tumor growth as compared wit11 the anti- 
CD28-treated mice or the untreated controls 
(Fig. 1).  All mice in the untreateii 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 inice 
bv about dav 23 after iniection. The two small 
tumors that'did not regl'ess remained static for 
nlore than 90 days. In contrast, three of five 
inice treated with anti-CTLA-4 developed 
very small tumors, all of \vhich regressed com- 
pletely by day 17. Although these results were 
encouraging and were consistent with our " - 
hypothesis, they were not very dramat~c be- 
cause B7-1 expression resulted in fairly rapld 
rejection of transfected 5lBLiinlO cells even 
in the absence of CTLA-4 blockade; ho~vev- 
er, these results confirmed that anti-CTLA-4 
did not inhibit tuinor rejection. 

W e  next examined the effects of 
CTLA-4 blockade on  the groxyth of 
VjlBLiinlO, a vector control tumor cell 
line that does not express B7 (23). All mice 
either injected with 4 X 106 VilBLimlO 
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tumor cells anii left u~ltreated, or treated 
lvith antl-CD28, iieveloped progressively 
gro~ving tumors and requireii euthanasia hy 
35 clays after inocu la t io~~  (Fig. ? A ) .  I11 con- 
trast. all mlce treated ~v i th  anti-CTLA-4 

Fig. 2. Treatment with anti-CTLA-4 enhances rejecton of B7-negatve colon carcinoma 200 
D 

completely rejectecl their tumors atter a short 
period of limited pro\vth. Similarly, control 
mice injecteii ~ v ~ t h  2 X 13'' tumor cells 
ileveloped rapiiily gro\ving tumors anii re- 
cluireii euthanasia by iiay 35 (Fig. 2B). Anti- 
CTLA-4 treatment had a iiran~atic effect on 
tumor gro\vth, but one mouse iiiii ilevelop a 

cells and results In protect~on aganst subsequent challenge w~th wid-type colon carcl- 
riorna cells Groups of BALB/c mice tvere injected with B7-negatlve 51BL1mlO vector N^ 1 7 5  

control cells iV5l BLm10) eft untreated or treated wth ant-CTM-I or control antbody 150 - 

M~ce were euthan~zed when tumors reached a slze of 200 mm2 or became ulcerated If 125- 
ndvdua  mlce w~th~n a group were euthanzed thef~nal measurement was carred over to 'z 
subsequent t~me ponts (A) Average tumor s z e  In mce Injected wth 4 X 10Gtumor cells loo 

Groups of f~ve mce were Injected w~th 4 x 10' V51 BLlmlO tumor cells Treated groups $ 75- 
were Injected three t~mes with 100 kg of anti-CTLA-4 or anti-CD28 as  indicated by the & 
arrows A untreated control and ant1 CD28-treated mlce were kled by day 35 Mlce $ 
treated w~th anti-CTLA 4 rema~ned tumor-free for more than 90 days Error bars repre- 2 201 

tumor quickly (accounting for a ~najority of 
the gro~vth inii~cated in Fig. 2B) and another 
iieveloped a tumor much later (Fig. ? C ) .  
Anti-CTLA-4 appeared to lie less eiiect~ve 
at a tumor dose o i  1 x 13" cells, lvhere 
treatlnent resulted in s i c ~ l ~ f ~ c a n t l ~  reduced 

t V51BLlmlO + 
Anti-CTLA-4 

- Challenge only 

J 

tumor r r ~ > \ v t l ~  rates, but four of iive mice 

iieveloped progressi\.ely gro\ving tumors 
(25). Thus, although curatlve responses Lvere 
not ohtained 1x1 all cases, ~t 1s clear that 
CTLA-4 hlockade s ~ ~ n i f ~ c a ~ ~ t l y  enhanced 
rejection ot BT-negat~ve tumor cells. 

W e  next sought to deter~nine lvhether 

sent standard error of the mean (B) Average tumor slze In mce Injected with 2 X 10' o i  
V51 BLlmlO tumor cells Two groups of f~ve mlce were Injected with tumor cells and - , -- 
treated as above wlth ant-CTLA-I or ~rrelevant hamster ant~body (C) lnd~v~dual tumor 10 15 20 25 30 35 40 45 50 55 
growth In mlce Injected wlth 2 x 10' V51BL1rnlO cells and treated w~th anti-CTLA-4 Days after secondary challenge 
Three of the mlce rema~ned tumor-free beyond 80 days (D) Challenge tumor growth In 
anti-CTiA-4-treated mlce Fve anti-CTM-4treated mce that had completely rejected V51 BLlmlO tumor cells were rechallenged 70 days later w~th 4 r 10' 
w~ld-type tumor cells Injected subcutaneously n the oppos~te flank Fve nalve mlce were also Injected as  controls All control mlce developed progressvely 
growng tumors and were euthan~zed on day 35 after ~nocuaton Three of f~ve prev~ously ~mmunzed mlce remaned tumor-free 70 days after rechallenge 

tumor rejection as ,I consequence of 
CTLA-4 hlockade lvas associateii with en- 
hanced ~mmunity to a secondary challenge. 
Mlce that hail re~ected VS 1BLim10 tumor 
cells as a result of treatment ivith anti- 
CTLA-4 \Yere challenged \vith 4 x 13" \vilii- 
type i l R L ~ m l i ?  cells 70 days after their 11l i -  

tlal tumor i~ljections. These mlce sho~ved 
significant protection against a seconiiary 
challenge as compareii 1 ~ 1 t h  naive controls 
(Fig. ?I>). All control animals had progres- 
si\.ely growing tumors 131. 14 days after injec- 
tion, developeii massive tumor burdens, and 
requireii euthanasia hy day 35. Only one of 
the previously immu~li:eii mice hail a iietect- 
ahle tumor by iiay 14, and gro\vth of this 
tumor was verv slolv. Ult~matelv,  t\vc> Inore 
tumors developed in the immuni:ed mice 42 
days after challe~lce. T ~ v o  mice r e ~ l ~ a i ~ l e d  
tumor-free throughout the course o i  the ex- 
periment. These results demo~~s t ra t e  that tu- 
mor rejection mediated hy CTLA-4 block- 
ade results in immu~lologic memi)ry. 

T o  determine ~vhether  anti-CTL'4-4 
treatlnent could have an effect on the 
gro\vth of established tumors, Lve injected 
groups o i  lnlce 1~1th ? X 13" \v~ld-type 
S 1 BLlmI 0 tumor cell, <111d treated the111 
\ v ~ t h  anti-CTLA-4 hei:lnn~nR on day L? as 
l>etore, or heglnning 7 days later at a h ~ c h  
time most lnlce had palpable tumors. Mice 
treated with anti-CTLA-4 at e ~ t h e r  time 
pe r~od  had sig~lli~cantly reduceii tumor 
cro~vth compared a ~ t h  untreated controls 
(Fig. 3).  In tact, delaying treatlnent ap- 
peare'{ to he more eifective, ~ v l t h  tlvo of five 
mice relnalnlng tumor-free heyond 30 days 
after inoculation. 

T h e  effect, of anti-CTLA-4 treatment 

125% - 

N- -Control 
; 00 

6 Ant-CTLA-4, day 0 - - Ant,-CTLA-4 day 7 

.! 75 / 

t i t i  I 
0 5 10 15 20 25 30 35 

f t f f Days after tumor injection 

Fig. 3. Treatment w~th anti-CTLA-4 reduces the 
growth of establ~shed tumor Groups of mce were 
Injected subcutaneously w~th 2 x 10 51 BLlmlO 
tumor cells Control an~mals (n = 10) were Injected 
ntrapertonealy w~th 100 kg of Irrelevant hamster 
antbody on days 0 3 6 and 9 a s  lndcated by 
the upward-po~nt~ng arrows One anti-CTM-4 
treatment group (n = 10) rece~ved ntraper~toneal 
~nject~ons on the same days The other treated 
mice (n = 5) were glven ~ntraper~toneal lnject~ons 
of antCTCA-4 beglnnng on day 7 and subse- 
quently on days 10 13 and 16 (downward-po~nt- 
ng arrows) 

lvere not l lm~ted to \.arlil~lts of the mclrine 
colon carclnoma 5 1 BLlml3. Si~nilar results 
were ohtalned lvith a rapidly gro\vi~lg tihro- 
sarcoma o i  A h C r  mice, S a l N  (26) (Fig. 4).  
All control mice inlecteii subcutaneously 
lvith 1 x 18" S a l N  cells developed measur- 
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t t t Days after tumor injection 

Fig. 4. Treatment w~th anti-CTLA-4 reduces the 
growth of the murine fibrosarcoma Sal N .  Groups 
of five mice were Injected subcutaneo~~sly n the 
flank with a suspension of 1 x 10" Sal N fibrosar- 
coma cells. Treated groups were injected intra- 
peritoneally wth 100 kg of ant-CTLA-4 or irree- 
vant hamster control antibody at days 0. 3. and 6 
as  lnd~cated by the arrows. A control animals 
were klled by day 30. Two of five anmals treated 
with anti-CTLA-4 rema~ned tumor-free at day 55. 

able, rapidly gro\ving tumors \vithin 'i days. 
~vhereas 0x117; two rnice treated with anti- 
CTLA-4 had tumors by day 30, and one 
additional mouse dhveloped a tumor around 
iiay 40 atter i~ljection. T h e  rernainillg mice 
\Yere still tumor-tree 10 days after injection. 
In  another experiment, control Inice inject- 
eii a i t h  4 x lo5 S a l N  turnor cells also 
developed rapidly gro~ving tumors, ~vhereas 7 
of 10 mice treated with anti-CTLA-4 mere 
turnor-tree bv dav 25 after iniection 125). , , 

Our results indicate that rernovlxlg in- 
hibitory signals in the costimulatory path- 
way call enhance antitumor immunity. Al- 
though it has been shoa:n that anti- 
CTLA-4 interferes ~ v i t h  signals that nor- 
mally dolvn-regulate T cell responses in 
vivo ( 1  7, 1 B ) ,  the exact mechanisms ot 
antitumor immunitv elicited bv CTLA-4 
blockade are not clear. In the  case o t  B7- 
neCatlve tumors, a n t i ~ e n s  are most likelv 
transferred to anii presented by host APCs 
(27) ,  ahe re  CTLA-4 blockade might etfect 
T cell resnonses in t ~ v o  nonexclusive Lvavs. 
First, removal of inhibitory signals may low- 
er the  overall thresholii o t  T cell actlvatlon 
and allow normally unreactive T cells to 
become activated. Alternativelv. CTLA-4 , , 
blockade might sustain proliferation of ac- 
tivated T cells by removing inhibitory sig- 
nals that rvould ~lormally terminate the  re- 
spo1lse, thus allowing for greater expansloll 
of tumor-specific T cells. 

Regardless of the mechanism, it is clear 
that CTLA-4 blockade enhances antiturnor 
resuonses. Most im~ortant ly ,  we have ob- , . 
served these effects against untnanipulated, 
wild-type tumors. Current methods of en- 
hancing antitumor immunity generally re- 
quire the  engineering of tumor cells ( 3 ) .  
Some of these methods. such as the  induc- 
tion of B7 expression, rely on enhancing the 
costimulatory act iv~ty of the tumor cells 

themselves. Others, such as e~lgi~leering tu- 
mor cells to express M H C  class I1 molecules 
(26. 28,  29) or to p r o d ~ ~ c e  gra~lulocyte-mac- 
rophage c o l o n y - s t i ~ ~ l t i g  tactor (27, 30, 
31) or pulsing iiendritic cells ~ ~ i t h  tumor 
antigen ex vivo (32, 33),  seek to enhance 
antigen prese~ltation, antigen transfer, or 
both. Thus, CTLA-4 blockaiie, by rernoving 
potentially conlpetlllg inhibitory signals, 
may he a particularly usefill aiijunct to other 
therapeutic approaches involving the  co- 
stirnulatory path\vay. 
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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. 

Circad ian  rhythms, found in  most eu- 
karyotes and some prokaryotes ( I ) ,  are 
-24-hour rhythms governed b.v a n  ~n te rna l  
clock that functions autono~nously but can 
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be entrained by environmental cycles of 
light or temperature. Circailian rhythms 
p r o d ~ ~ c e d  in  constant darkness can also be 
reset by pulses of light. Such light pulses 
will shlft the phase of the  clock in different 
directions (advance or delay) and to a vary- 
ing extent in a manner that depends o n  the 
time of light exposure (2) .  

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




