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Fig. 4. Treatment with anti~CTLA-4 reduces the
growth of the murine fibrosarcoma Sa1N. Groups
of five mice were injected subcutaneously in the
flank with a suspension of 1 x 10% Sa1N fibrosar-
coma cells. Treated groups were injected intra-
peritoneally with 100 n.g 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.

0

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 déveloped 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 10° SalN 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).

Qur 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
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themselves. Others, such as engineering tu-
mor cells to express MHC class 11 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.
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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.

Circadian rhythms, found in most eu-
karyotes and some prokaryotes (I), 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 melanogaster,
two genes, period (3) and timeless (4), are
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Fig. 1. Protein immunoblot analysis of TIM pro-
tein in wild-type, tim°, and per® flies. Equivalent
amounts of total protein from fly heads isolated at
various times were separated by SDS—polyacryi-
amide gel electrophoresis, blotted to nitrocellu-
lose, and probed with antibodies to TIM (20). (A)
Levels of TIM protein at 4-hour intervals in a LD
cycle (12 hours light:12 hours dark). TIM, filled
arrowhead; nonspecific band, open arrowhead.
Lanes marked (D) (dark) and (L) (light) are extracts
from tim° fly heads isolated from flies at ZT19 and
ZT7, respectively. (B) Levels of TIM protein in per®
fly heads under dark and light conditions. The per?
dark sample was prepared from dark-reared flies,
and the light sample from ZT7 of a LD cycle. (C)
Levels of TIM protein in extracts from control (per®
in constant dark) and light-treated per? flies previ-
ously reared in constant darkness (27). Lane num-
bering corresponds to time (in hours) from the
start of a 1-hour light pulse. (*) Light-treated flies.
(D) All TIM bands shown in (C) were quantified by
densitometry with reference to a constitutively
produced, nonspecific protein that cross-reacts
with the antibody to TIM [see (A) and (B)]. Dashed
profile is light-pulsed data.

essential components of the circadian
clock. Mutations in either of these genes
can produce arthythmicity or change the
period of the rhythm by several hours (3-5).
Molecular studies (6-9) have shown that
per and tim are transcribed with indistin-
guishable circadian rhythms that are influ-
enced by an interaction between the TIM
and PER proteins (4, 10). A physical asso-
ciation of the two proteins appears to be
required for accumulation and nuclear lo-
calization of PER (4, 10, 11). It is likely
that nuclear localization results in suppres-
sion of per and tim transcription (8, 9).
Cycles of gene expression are thought to be

Fig. 2. Effects of light pulses on the
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sustained by ~6-hour differences in the
phases of RNA and protein accumulation.
The observed delays in PER accumulation
may result, in part, from a requirement for
TIM to stabilize PER by transport to nuclei
4,9, 11).

To directly characterize TIM from Dro-
sophila heads, we raised antibodies against
several recombinant TIM proteins ex-
pressed in bacteria (Fig. 1). TIM, like

" PER, accumulates rhythmically in LD

12:12 (cycles of 12 hours light:12 hours
dark) (Fig. 1A). The time of peak TIM
accumulation in wild-type fly heads oc-
curred at about ZT18 (ZT, zeitgeber time;
ZTO0 = lights on, ZT12 = lights off) and
thus corresponds to the time of peak PER
accumulation (11, 12). These rhythms
were also observed in constant darkness
(13). Although TIM has an apparent mo-
lecular size of ~180 to 190 kD, there was
an increasingly upward shift in TIM mo-
bility late at night (compare ZT14 to
ZT22). On shorter exposures, the TIM
signal at ZT22 was resolved into at least
two closely migrating bands (13). This
behavior is similar to that of PER (11, 12).
The antisera.detects bona fide TIM pro-
tein: Extracts prepared from tim° fly heads
lacked the TIM band (Fig. 1A), and anti-
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sera raised against a different region of
TIM protein detected the same band seen
in Fig. 1 (13).

Although PER protein levels are re-
duced in a tim® genetic background (4, 11),
TIM was expressed at fairly high levels in
per® flies reared in constant darkness (Fig.
1B). Exposure to light also appeared to re-
duce the amount of TIM (presumably by
degradation), because a sample from per®
flies maintained in LD 12:12 and harvested
at ZT7 showed much less TIM than a sam-
ple from dark-reared flies (Fig. 1B).

We therefore exposed per? flies (previous-
ly in constant darkness for 4 days) to a
1-hour pulse of light, followed by a recovery
period in constant darkness. The amount of
TIM protein decreased rapidly after the light
treatment and began to rise within the first
hour after return to darkness (Fig. 1, C and
D). A return to the pre-light exposure level
occurred by ~5 hours (Fig. 1, C and D). The
rapidity of this response was further indicat-
ed by measurement of TIM protein amounts
immediately after a 15-min pulse of light. A
substantial loss of TIM was again observed
(Fig. 1C, 0.25*, and Fig. 1D). Taken togeth-
er, these data indicate that, unlike PER in a
tim® background, TIM protein is stable in
per© flies. Moreover, light induces loss of
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TIM protein without requiring PER and is
therefore clock-independent.

Exposure of wild-type flies to constant
light produces a tim® phenocopy, including
behavioral arrhythmia, suppression of PER
accumulation, and reduced PER phospho-
rylation (11). Because constant light treat-
ment of tim® flies produced no further
change in the PER protein, it was suggested
that light’s effects on PER in wild-type flies
might be mediated by an activity associated
with tim (11).

Our data point to a mechanism for these
effects of constant light and suggest a role
for TIM in light-dependent entrainment of
the Drosophila clock. The influence of light
delivered at different times of day on the
phase of circadian behavioral rhythms is
quantitatively expressed by a phase-re-
sponse curve (PRC) (Fig. 2A). Maximum
phase delays of 4 to 5 hours are produced by
light pulses delivered between CT14 to 16
(CT, circadian time; CTO, subjective
dawn), whereas maximum phase advances,
~1 to 2 hours, are produced when light
pulses of the same duration and intensity are
provided between CT20 to 23 (Fig. 2A)
(14). If adjustment of TIM levels by prema-
ture light exposure (relative to the phase of
the existing rhythm) mediates light-reset-
ting of the clock, we would expect TIM
levels to respond in a manner predicted by
the Drosophila PRC. Therefore, we exposed
wild-type flies to 1-hour light pulses begin-
ning at either ZT16 or ZT23, returned them

Fig. 3. Localization of TIM
proteins in the Drosophila
head. (A to D) Cycles of
TIM immunostaining ob-
served in LD 12:12. Fron-
tal sections of wild-type
heads show high levels of
eye and brain staining at
night (ZT22 and ZT20.5)
(Aand D, respectively) and
low levels during the day
(ZT1 and ZT7) (B and C).
(E) TIM staining at CT6
(middle of subjective day in
constant dark). (F) Pattern
of staining in control, tim®
head sections reared in
DD. (G) TIM staining in cy-
toplasm, but not nuclei, of
eyes in per? flies reared in
DD. (H) Higher magnifica-
tion showing cytoplasmic
and nuclear TIM staining in
putative lateral neurons
(LNs) in wild type (ZT17).
Circular structure is esoph-
agus. Arrows in (A) and (D)
indicate labeling of photo-
receptor nuclei. Filled ar-

rowheads (A, D, and H) show staining of putative LNs. Open arrowhead (G),
cytoplasmic staining of per® photoreceptors. For “‘dark’ time points, flies were

to constant darkness, and collected fly heads
at various times for protein immunoblot
analysis.

Consistent with the phase delay in be-
havioral rhythms, light exposure at ZT16
produced a reduction in TIM levels, fol-
lowed by a rapid reaccumulation of TIM
(Fig. 2, B and D). The level of TIM was
substantially reduced by the end of the
1-hour light treatment (compare CT17 to
CT17" in Fig. 2, B and D) and began to rise
again within 2 hours after the transfer to
darkness (compare CT19" to CT18" in Fig.
2, B and D). As the TIM level in control
flies progressively decreased from a maxi-
mum at CT17, the TIM level in light-
pulsed flies entered a reaccumulation phase
with a new peak at CT23. Starting at
CT23", the level of TIM in the light-pulsed
samples was always higher than that of con-
trol flies sampled at the same circadian time
(Fig. 2, B and D). The amount of TIM at
CT23" was most similar to the amount ac-
cumulated in control flies at CT18, whereas
CT1" most resembled CT19 to 23 (Fig. 2, B
and D). The results demonstrate that the
light pulse delays the molecular rhythm of
TIM by 2 to 6 hours. This result corre-
sponds well with the ~4-hour delay in the
behavioral rhythm calculated from the PRC
(Fig. 2A) (14).

A light pulse administered at ZT23,
which produces 1- to 2-hour phase ad-
vances by PRC analysis (Fig. 2A) (14),
reduced TIM like the ZT16 pulse, but the

reduction was not followed by an interval
of rapid reaccumulation (Fig. 2, C and E).
After the return to constant darkness,
TIM levels remained barely detectable for
5 hours (CT1%, 3", and 5 in Fig. 2, C and
E), showing signs of reaccumulation only
after 7 hours, which is shortly before the
expected rise in TIM accumulation on the
next subjective day (compare CT9" in Fig.
2C with the control accumulation at 11
and 13 in Fig. 2B). Thus, whereas a light
pulse at ZT16 ultimately produced a de-
layed phase of TIM diminution, a light
pulse at ZT23 caused a premature, mono-
tonic decline in TIM that is well correlat-
ed with the behavioral advance obtained
in the PRC (Fig. 2A) (14).

Immunocytochemical — studies  show
highest PER accumulation in nuclei of the
eyes and certain cell clusters, lateral neu-
rons (LNs), of the central brain (15, 16).
TIM also accumulates in the nuclei of eyes
and in nuclei and cytoplasm of presumptive
LNs (Fig. 3, A, D, and H). Lower levels of
TIM are found in cells dispersed throughout
the optic lobes (Fig. 3, A and D). In agree-
ment with protein immunoblot analysis, a
thythm of TIM staining was observed im-
munocytochemically in wild-type flies (Fig.
3, At E).

TIM is produced at high levels in heads
from per® flies at night (Fig 1B). Immuno-
cytochemical analysis revealed that high
amounts of TIM accumulate in per® photo-
receptor cells, but the protein is not associ-

collected and frozen under a safelight (15 W bulb with Kodak GBX-2 filter).
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Sectioning, and immunostaining of heads, were done as described (76). Ex-
cept as noted, light pulses were administered as described (22).




ated with nuclei. Rather, TIM accumulates
in the cytoplasm (compare Fig. 3, F and G).
TIM is required for both accumulation and
nuclear localization of PER (4, 11). We
conclude that TIM nuclear localization de-
pends on PER, whereas TIM accumulation
does not.

Blotting of proteins from light-treated
flies indicated rapid loss of TIM (Fig. 1, B
to D, and Fig. 2, B to E), but did not reveal
the affected cell types. We monitored the
effects of light over an extended time
course in wild-type flies. A 10-min light
pulse given at ZT16 reduced the TIM
staining in photoreceptors within 1 hour
(CT17; Fig. 4D). Staining in putative LNs
was also clearly reduced, but only after a
delay of 2 hours (Fig. 4, D to F). The
observed delay in light-dependent diminu-
tion of TIM in LNs may be related to the
abundance of the protein in these pace-
maker cells, because their staining was
often stronger than that of individual pho-
toreceptor nuclei (compare Fig. 4, A, B,
and C). Alternatively, the delay may re-
flect some dependence of the LNs on the
eyes for TIM turnover.

Our data suggest that TIM couples in-
tracellular circadian cycles to light stimula-
tion. Progression through the molecular cy-
cle can be reset by light-induced elimina-
tion of TIM. If a light pulse is given at a
time of night when a behavioral phase delay
is induced (for example, ZT16) (Fig. 2, B
and D), TIM diminution is immediately
followed by reaccumulation. The molecular
cycle of TIM levels is now reset to an earlier
time point, and the magnitude of the result-
ing molecular phase delay corresponds well
with that of the behavioral phase delay.
When a light pulse is given at a time of
night that is associated with a small ad-
vance in the phase of the behavioral
thythm (ZT23; Fig. 2, C and E), TIM is
prematurely lost, and recovery is not seen
until the next day’s cycle of accumulation.
As indicated in Fig. 5, the different respons-
es should be influenced by the different
amounts of tim mRNA available for new
protein synthesis at different times of night:
Highest levels of tim mRNA occur in the
early evening, and lowest levels occur near
dawn (9). Although we have not examined
the response to light pulses during the sub-
jective day, extremely low levels of TIM
may be responsible for a less sensitive “dead
zone” in the PRC (Fig. 5) (2). These con-
clusions are also supported by the kinetics
of recovery of TIM after light pulses of per®
flies. Because per® flies have no measurable
circadian pacemaker and produce tim
RNA at high, constitutive levels (9, 17),
the amount of RNA is probably the only
factor influencing the rate of TIM reaccu-
mulation in the mutant. The biochemical
process mediating TIM’s light sensitivity

in per® and per ™ flies is unknown.

The mechanism underlying entrainment
of the Drosophila pacemaker appears to dif-
fer from that described for Neurospora, in
which light pulses at any time of day uni-
formly stimulate transcription of the clock
gene frq (18). Because this light responsive-
ness fails to cycle in Neurospora, key fac-
tors mediating entrainment in that species

& REPORTS

should not include products of clock genes,
or state variables (18). Although light-in-
duced loss of TIM should produce second-
ary changes in tim and per transcription
(Fig. 5), we have not observed acute ef-
fects of light on per and tim transcription
(9, 19).

In a natural environment, the light:
dark cycle must make a contribution to

Fig. 4. Time course of light-dependent loss of TIM in wild-type photoreceptors and putative LNs. Flies
entrained to LD12:12 and exposed to a 10-min light pulse (27, 22) delivered at ZT16 were collected at
CT17 (D), CT18 (E), and CT21 (F). Control flies (not light-pulsed) collected at CT17 (A), CT19 (B), and
CT21 (C). Examples of TIM staining in photoreceptor nuclei (arrows in A to C) and putative LNs

(arrowheads in A to D) are indicated.

Fig. 5. Model for entrain- Virtual
ment of the circadian pace- Light pulses give phase advances, absence of
maker. Because TIM protein TIM fails to reaccumulate ~_ _--~-~~"== TIM gives
appears to be an essential ~ due to low tim 7 “dead zone”
component of the Drosoph- ~ RNA levels . N of little or
ila clock (9) and is rapidly de- PERand TIM "\ = no phase

. ,/ Peak PERand TIM levels decline due "\ resetting
graded by light, the phage of ,/ levels further decrease to turnover without'\ by light
molecular and  behavioral / perand tim RNA pools replacement \
rhythms should be altered K \
by light at times of day when ! perand tim )
TIM proteins are present. tim transcription |
RNA is most abundant in the 8 / initiated 1
early evening, when light )\ !
pulses only transiently elimi- \ /v 15 Dusk ‘g /
nate TIM proteins (because \ Nuclear 12 y
they can be resynthesized \ PERand TIM High levels of /

from existing RNA pools). If
TIM suppresses accumula- AN

tion of tim and per RNA (9), Light pulses AN
the extended interval of TIM
accumulation should delay
subseqguent rounds of RNA
synthesis. Lowest amounts

N begin suppressing
\  perand tim RNA
accumulation

produce phase delays
due to reaccumulation
of TIM from high tim RNA levels

perand tim RNA
allow PER and TIM
assembly

~

~
~

of tim RNA are observed near dawn (9). Light pulses at that time prematurely eliminate TIM, which cannot
be replaced until new tim RNA synthesis ensues with the next day’s cycle. Premature elimination of TIM
by light should result in advanced synthesis of tim and per RNA.
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the delay observed between per and tm
RNA synthesis on the one hand, and nu-
clear accumulation of their encoded pro-
teins on the other: Although per and tim
RNAs begin to rise at midday, TIM’s light
sensitivity evidently precludes substantial
accumulation of TIM protein until night-
fall. Circadian pacemakers usually show
species-specific, intrinsic periodicities that
differ from 24 hours, whereas behavioral
rhythms uniformly occur with a 24-hour
period in the presence of a solar day.
TIM’s light sensitivity suggests a mecha-
nism for_adjusting to the period of the
environmental cycle.
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Resetting the Drosophila Clock by Photic
Regulation of PER and a PER-TIM Complex

Choogon Lee, Vaishali Parikh, Tomoko Itsukaichi, Kiho Bae,
Isaac Edery*

Circadian clocks can be reset by light stimulation. To investigate the mechanism of this
phase shifting, the effects of light pulses on the protein and messenger RNA products of
the Drosophila clock gene period (per) were measured. Photic stimuli perturbed the timing
of the PER protein and messenger RNA cycles in a manner consistent with the direction
and magnitude of the phase shift. In addition, the recently identified clock protein TIM (for
timeless) interacted with PER in vivo, and this association was rapidly decreased by light.
This disruption of the PER-TIM complex in the cytoplasm was accompanied by a delay
in PER phosphorylation and nuclear entry and disruption in the nucleus by an advance
in PER phosphorylation and disappearance. These results suggest a mechanism for how
a unidirectional environmental signal elicits a bidirectional clock response.

Circadian thythms in biochemical, physi-
ological, and behavioral phenomena persist
in the absence of environmental cues and
are governed by one, or a few, endogenous
circadian oscillators or “clocks” (1). How-
ever, external time cues (zeitgebers), most
notably light-dark cycles, can synchronize
or entrain these rhythms by shifting their
phases. This adaptive feature of biological
clocks allows for the precise temporal coor-
dination of the function of the organism
with environmental conditions. The direc-
tion and magnitude of the phase shift is a
function of the time in a daily cycle that the
zeitgeber is administered: An environmen-
tal cue will elicit either a phase delay or a
phase advance depending on the time of
day that the stimulus is administered. Nu-
merous studies in different model systems
have shown that protein and mRNA syn-
thesis are required for circadian clocks and
resetting mechanisms (2), and candidate
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molecules and photic input pathways have
been identified in animals (3) and plants
(4). Nevertheless, how such clock mecha-
nisms are perturbed by environmental reg-
ulators of circadian rhythms is not clear.

The PER protein from the Drosophila
melanogaster period (per) gene (5) is a key
clock component. In the absence of per ac-
tivity (per®! nonsense mutation), there is no
observable rhythmicity of eclosion or of lo-
comotor activity (5). Moreover, missense
mutations shorten (per®) to 19 hours or
lengthen (per™) to 29 hours the free-running
periods of both rhythms in the wild type
(~24 hours) (5). PER is temporally regulat-
ed in the adult fly head, the anatomical
location of the fruitfly circadian pacemaker
(6): Both its abundance (7-9) and phospho-
rylation (7, 8) fluctuate daily, and PER nu-
clear entry is temporally gated (10). More-
over, per mRNA levels oscillate by means of
a feedback loop, likely negative (8), whereby
PER activity is required for the circadian
regulation of per transcription (11).

A second clock gene, timeless (am), is
also required for circadian rhythmicity in
Drosophila (12). In the tim®! mutant (a pre-
sumptive null allele) (13), loss of behavioral
circadian rhythms is accompanied by a loss
of daily fluctuations of per mRNA (12) and
a failure of several reporter PER fusion pro-
teins to accumulate in the nucleus (14).
Furthermore, circadian fluctuations in the





